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Determining the in-place properties of mass concrete placements 
is elusive, and currently there are minimal to no test methods 
available that are both predictive and a direct measurement of 
mechanical properties. This paper presents a three-stage testing 
framework that uses common laboratory equipment and laboratory- 
scale specimens to quantify thermal and mechanical properties of 
mass high-strength concrete placements. To evaluate this frame-
work, four mass placements of varying sizes and insulations were 
cast, and temperature histories were measured at several locations 
within each placement, where maximum temperatures of 107 to 
119°C (225 to 246°F) were recorded. The laboratory curing proto-
cols were then developed using this mass placement temperature 
data and the three-stage testing framework to cure laboratory 
specimens to represent each mass placement. Laboratory curing 
protocols developed for center and intermediate regions of the 
mass placements reasonably replicated thermal histories of the 
mass placements, while the first stage of the three-stage frame-
work reasonably replicated temperatures near the edge of the mass 
placements. Additionally, there were statistically significant rela-
tionships detected between calibration variables used to develop 
laboratory curing protocols and measured compressive strength. 
Overall, the proposed three-stage testing framework is a measur-
able step toward creating a predictive laboratory curing protocol 
by accounting for the mixture characteristics of thermomechanical  
properties of high-strength concretes.

Keywords: high-strength concrete (HSC); insulated curing block; mass 
placements; programmable environmental chamber.

INTRODUCTION AND BACKGROUND
There have been several attempts to quantify the in-place 

properties of mass concrete placements using nondestructive 
test methods presented by ACI Committee 228,1-5 as well 
as numerical techniques to quantify complex chemical reac-
tions to predict time-temperature profiles and subsequent 
mechanical properties.6 Several methodologies have been 
developed and studied over time to better understand thermo- 
mechanical properties of mass placements, such as cast-
in-place cylinders (ASTM C873/C873M-15), the maturity 
method (ASTM C1074-19), temperature-matched curing (BS 
1881-130), and numerical analysis techniques. These methods 
generally aim to predict the relationship between time- 
temperature history and mechanical properties in a nonde-
structive manner. Carey et al.7 provided an in-depth review 
of each of these methodologies with respect to quantifying 
temperature development and mechanical properties in mass 
placements. A comparison of these methods found that none 
were both predictive and a direct measure of mechanical 
properties in the presence of anticipated thermal conditions.

The authors have been developing a testing framework 
over a multi-year period that is intended to fill this gap. Initial 
efforts aimed to evaluate the feasibility of using common labo-
ratory equipment to cure 10.2 x 20.3 cm (4 x 8 in.) cylindrical 
specimens in a similar time-temperature history to modest and 
mass placements. For modest placements, laboratory curing 
protocols using a programmable bath and insulating block 
were successful for placements with a minimum least dimen-
sion of 0.15 m (0.5 ft), which were large enough to overcome 
the influence of environmental conditions by generating a 
substantial amount of heat.8 For an insulated mass placement 
with a diameter of 1.8 m (6 ft) and height of 1.3 m (4 ft), 
an average internal peak temperature of 94°C (201°F) was 
produced, and laboratory specimens cured using a program-
mable bath and insulating block were able to reasonably repli-
cate the time-temperature profile while also reaching a peak 
temperature of 92°C (198°F).9 Based on these initial find-
ings, efforts have focused on developing a three-stage testing 
protocol where thermal histories of mass placements could be 
recreated using common laboratory equipment to cure labora-
tory specimens, where the effects of mixture constituents on 
thermal properties are considered during the development of 
the laboratory curing protocol (Fig. 1).

RESEARCH SIGNIFICANCE
Determining the in-place properties of mass placements is 

elusive, and currently there are minimal to no test methods 
available that are both predictive and a direct measurement 
of mechanical properties in the presence of anticipated 
thermal conditions. The authors have developed a testing 
framework that has the potential to fill this gap in available 
testing methods. This paper serves as a proof of concept for 
a three-stage curing procedure initially presented in Carey 
et al.7 that is a measurable step toward making the proposed 
laboratory testing protocols predictive by accounting for 
individual mixture characteristics of the thermomechanical 
properties of high-strength concretes (HSCs).

USE OF HIGH-STRENGTH CONCRETE  
IN MASS PLACEMENTS

In recent years, the use of HSC in larger to mass place-
ments has increased as the need to improve mechanical 
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properties (for example, compressive and tensile strength 
and durability) has grown. A recent survey of state Depart-
ments of Transportation (DOTs) found that, as of 2019, 
four states routinely use ultra-high-performance concrete 
(UHPC) in full-scale structural applications, while 15 
commonly use UHPC in joints and connections.10 Scenarios 
where one may consider using UHPC or HSC in a mass 
placement include protective structures, retrofitting critical 
infrastructure elements, and construction in areas where 
high durability is a first-order consideration (for example, 
coastal construction). As the development of nonpropri-
etary UHPC mixtures that are usually more economical than 
proprietary mixtures continues to progress, it is anticipated 
that more DOTs will begin to use UHPC in their day-to-day 
construction activities.

When using HSCs with increased cementitious materials 
contents, internal temperatures often far exceed those of 
traditional ready mixed concrete (RMC) placements. Table 1 

summarizes reported peak temperatures of HSC mass place-
ments.9,11-15 HSC mass placements evaluated in Table 1 
reported a typical maximum temperature of 90°C (194°F), 
which is similar to the recommended curing temperatures 
in ASTM C1856/C1856M-17 for mixtures with metallic 
fibers.16 Table 1 also reports external temperatures of large, 
thin slabs and modestly sized columns ranging from 54 
to 64°C (129 to 147°F). Though these temperatures were 
noticeably lower than other Table 1 HSC mass placements 
where internal temperatures were reported, these external 
temperatures were comparable to internal temperatures of 
RMC mass placements.17,18 While most mass HSC place-
ments exceeded the maximum internal temperature of 
70°C (158°F) as defined by ACI PRC-207.1-21,19 the threat 
of delayed ettringite formation (DEF) is minimal as the 
water-cementitious materials ratio (w/cm) is typically below 
0.20 and the system has low permeability due to its tight 
microstructure.20,21 In other words, for mass placements 

Fig. 1—Summary of preliminary testing framework and proposed three-stage testing protocol. (Note: °F = (9/5)(°C) + 32.)
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where HSC mixtures are used, the deleterious effects of DEF 
are a secondary concern.

EXPERIMENTAL PROGRAM
Description of three-stage testing protocol

As outlined in Fig. 1, the proposed three-stage testing 
protocol uses an initial curing regime that measures 
mixture-specific variables (Stage 1), scales these variables 
using constants derived from available mass placement data 
(Stage 2), and then cures specimens using a regime intended 
to simulate the temperature history of a mass placement 
(Stage 3). The Stage 1 initial curing protocol uses an insu-
lated curing block to cure hydrating concrete specimens in a 
variable temperature (VT) bath (or equivalent) programmed 
to remain at 23°C (73°F). After 3 days of curing, where 
the temperature surrounding the block remains at 23°C 
(73°F), the resulting thermal curve is evaluated to determine 
five thermal points of interest (TPOIs) (Fig. 2(a)). First, 

maximum temperature (Tmax) is calculated and reported as 
P3. The difference between P3 and the initial test temperature 
is then reported as ΔT. P1 can then be calculated as the point 
where the temperature begins increasing by more than 5% 
of ΔT over a 30-minute period, while P2 is the point where 
the temperature no longer increases by 5% of ΔT over a 
30-minute period. P4 and P5 are then reported as the times 
after peak temperature (P3) that correspond to temperature 
values of P2 and P1, respectively. Using these five TPOIs, 
calibration variables are then calculated and are visually 
defined in Fig. 2(b). Dormant period length (tD) is calcu-
lated as the total time from the start of thermal curing to P1. 
Peak temperature dormant period (tPD) is calculated as the 
time between P2 and P4. Rate of temperature increase (Sinc) 
is calculated as the linear slope between P1 and P2, while 
rate of temperature decrease (Sdec) is calculated as the linear 
slope between P4 and P5.

Table 1—Summary of HSC placements reported in literature

Reference Placement size Insulation? Total cementitious materials, kg/m3 Reported Tmax, °C

Kodur et al.11 1 m cube Yes 480.6 I/II + 211.5 SF + 96.1 FA + 173 LSP = 961.2 90

Kodur et al.11 1 m cube No 480.6 I/II + 211.5 SF + 96.1 FA + 173 LSP = 961.2 86

Kodur et al.11 1 m cube No 480.6 I/II + 297.6 SF + 173 LSP = 961.2 96

Sbia et al.12 1 m cube Yes 480.6 I/II + 211.5 SF + 96.1 slag + 173 LSP = 961.2 90

Li et al.13 6 x 10 x 2.5 m bridge element Yes 700 I/II + 100 SF + 200 LSP = 1000 90

Carey et al.9 1.8 x 1.3 m column Yes 732 CH + 126 SF + 82 FA = 940 99

Soliman et al.14 4.9 x 1.5 x 0.075 m arch slab No 549 I/II + 204 SF + 403 GP = 1156 54

Aghdasi et al.15 0.7 x 0.7 x 1.1 m column No 1 part I/II + 0.1 part FA + 0.25 part SF + 0.25 part GP 64

Note: I/II is ASTM C150 Type I/II cement; SF is silica fume; FA is fly ash; LSP is limestone powder; GP is glass powder; CH is Class H cement; all reported Tmax were measured 
at center of placement, except for Carey et al.,9 measured at an intermediate location, and Aghdasi et al.,15 measured at the surface. 1 m = 3.28 ft; 1 kg/m3 = 1.69 lb/yd3; °F = (9/5)
(°C) + 32.

Fig. 2—Development of boundary conditions using proposed three-stage protocol. (Note: °F = (9/5)(°C) + 32.)
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Stage 2 of the Fig. 1 testing protocol scales calibra-
tion variables by a set of constants to produce a thermal 
curing protocol that can be programmed into an environ-
mental chamber to cure laboratory-scale specimens using a 
time-temperature history that is similar to a mass concrete 
placement (Fig. 2(c)). Currently, these scaling constants are 
not fully defined by the authors and will require additional 
data sets to fully develop. It is ultimately envisioned for 
scaling constants representative of given mass placement 
scenarios to be provided to users of the three-stage testing 
protocol so the framework can be predictive. However, 
because this paper serves as a proof of concept for the three-
stage testing protocol, scaling constants were calculated by 
dividing calibration variables from each thermocouple (TC) 
in each mass placement by the calibration variables of the 
Stage 1 time-temperature profile. Because scaling coeffi-
cients were calculated using mass placement data, generated 
laboratory protocols used in Stage 3 of the Fig. 1 testing 
protocol should produce time-temperature profiles in labora-
tory specimens that closely follow those of the mass place-
ments. If the generated laboratory protocols do not yield 
similar time-temperature profiles, then the proposed frame-
work is not feasible.

Materials
Experiments were conducted on an HSC developed by the 

U.S. Army Corps of Engineers (Table 2). An ASTM C150 
Type I/II cement with a Blaine fineness of 450 m2/kg (2197 ft2/
lb) was used. Silica fume had a bulk density ranging from 
500 to 700 kg/m3 (843 to 1180 lb/yd3) and a SiO2 content of 
at least 85%. Metakaolin conforming to ASTM C618 had a 
bulk density of 400 kg/m3 (674 lb/yd3) with SiO2 contents 
ranging from 51 to 53% and Al2O3 ranging from 42 to 44%. 
Two sands were used: a manufactured granite sand with a 
water absorption of 1.0% and fineness modulus of 2.69, and 
a natural sand with a water absorption of 0.5% and a fine-
ness modulus of 2.32. The gradation of each sand is shown 
in Fig. 3. Coarse aggregates are typically not used in HSC 
and UHPC mixtures. For laboratory mixtures, aggregates 

were air-dried for several weeks and reached uniform mois-
ture contents of 0.5% for manufactured sand and <0.1% for 
natural sand. For field mixtures, aggregate moisture contents 
were taken during batching to reach the desired w/cm. Three 
admixtures were used: a high-range water-reducing admix-
ture (HRWRA), a defoamer, and a set retarder.

Mass placement preparation and curing 
environment

Four mass placements were cast at a facility in south 
Mississippi in June 2018. Four metal culverts with a wall 
thickness of 6.4 mm (0.25 in.) and a 12.7 mm (0.50 in.) 
piece of metal attached to the bottom served as formwork 
(Fig. 4(a)). Two placements were 1.22 m (4 ft) in diameter 
and height, while the other placements were 1.83 m (6 ft) in 
diameter and height. Ten TCs were placed in each culvert 
at known locations to measure temperature (Fig. 4(b)). TCs 
were attached to a metal frame that was secured at the center 
of the placement prior to casting. One placement of each size 
was fully wrapped in an insulating blanket immediately after 
casting for the duration of hydration. All placements were 
cured in an open-ended hangar (that is, they were covered 
from rain and direct sunlight but not temperature-controlled). 
TCs were placed next to each placement to record ambient 
temperature profiles. When the TCs were compared to local 
weather records, the open-ended hangar did minimize large 
ambient temperature changes due to daily temperature fluc-
tuations, as typical daily temperature fluctuation was 8.8°C 
(15.8°F), while the temperature fluctuation inside the facility 
was 4.3°C (7.7°F).

Laboratory-scale specimen preparation and 
curing environment

Laboratory mixing occurred at Mississippi State Univer-
sity (MSU) using a benchtop mixer with a paddle attach-
ment to induce shear mixing. Cement, silica fume, metaka-
olin, manufactured sand, and natural sand were mixed for 
1 minute to create a homogenous mixture. 80% of the water 

Table 2—High-strength mixture batching 
quantities

Constituent
Specific 
gravity

Laboratory 
quantity

Field 
quantity

Type I/II cement, kg/m3 (lb/yd3) 3.15 854 (1440) 854 (1440)

Silica fume, kg/m3 (lb/yd3) 2.25 163 (275) 163 (275)

Metakaolin, kg/m3 (lb/yd3) 2.60 22 (37) 22 (37)

Manufactured sand, kg/m3 (lb/yd3) 2.74 581 (979) 587 (990)

Natural sand, kg/m3 (lb/yd3) 2.63 561 (946) 564 (950)

HRWRA, mL/kg (oz./lb) 1.08 23.0 (0.35) 23.0 (0.35)

Retarder, mL/kg (oz./lb) 1.08 1.3 (0.02) 1.3 (0.02)

Defoamer, % weight of water 1.08 0.14 0.08

Water, kg/m3 (lb/yd3) 1.00 179 (301) 170 (287)

w/cm — 0.16 0.16

Note: Laboratory mixtures used oven-dry aggregate, while field mixtures accounted 
for water during batching process; HRWRA and retarder dosage rates are reported as 
volume per weight of cementitious materials. Fig. 3—Gradation of manufactured and natural sand. (Note: 

1 μm = 3.93 × 10–5 in.)
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was added to premixed materials and mixed at a low speed 
for 1 minute. After 1 minute, the remaining 20% of water, 
HRWRA, defoamer, and set retarder were added and mixed 
at an increased mixing speed until a fluid state was achieved. 
Two 10.2 x 20.3 cm (4 x 8 in.) plastic cylinder molds were 
filled in two equal lifts and externally vibrated between lifts 
to remove air voids. After the first lift, a TC was placed in 
the middle of one of the two specimens. Two mixtures were 
mixed simultaneously to produce four 10.2 x 20.3 cm (4 x 
8 in.) specimens. Once mixed and molded, groups of four 
specimens were placed in a designated curing environment.

Nineteen curing protocols with varying combinations of 
insulating block and programmed boundary conditions were 
used (Table 3). All curing protocols used a VT curing bath 
that was programmed to alter the air temperature surrounding 
an insulated curing block (Fig. 5). The VT curing bath 
consisted of an off-the-shelf concrete curing box that was 

modified to include a high-temperature water pump, and a 
programmable temperature controller. This VT curing bath 
could be replaced with fully commercially available equip-
ment in the future, but it was used herein for continuity with 
past work (that is, Allard et al.22 and Carey et al.8,9) where 
previous iterations of the framework have been evaluated. 
Curing blocks made of polyisocyanurate (PIR; R-value = 
1.06 m2∙K/W) and aluminum honeycomb (AH; R-value = 
0.01 m2∙K/W) were used to insulate concrete specimens and 
were previously used in Carey et al.9 (Fig. 5).

Of the 15 boundary conditions used in this study, three 
were recommended in previous studies and are repeated 
herein for continuity and to evaluate their viability with a 
different mixture. Carey et al.8 recommended two proto-
cols for modest placements with least dimensions of 0.15 
to 0.50 m (0.5 to 1.6 ft), while Carey et al.9 recommended a 
protocol for intermediate regions of an insulated 1.83 m (6 ft) 

Fig. 4—(a) Mass placements formwork at testing location; and (b) schematic of thermocouple locations. (Note: 1 m = 3.28 ft.)
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diameter mass placement. The remaining 12 boundary condi-
tions were developed using the three-stage testing protocol 
and mass placement time-temperature data presented in this 
paper. Boundary conditions developed in previous efforts 
were focused on replicating a specific time-temperature 
profile and were programmed to directly replicate placement 
temperature profiles. The 12 boundary conditions developed 
in this paper are the first research activity in evolving toward 
a predictive testing framework that can generate curing 
protocols that replicate mass placement temperatures.

Mechanical testing methods
Prior to testing, specimens were ground to obtain plain 

ends. Compressive strength (fc) tests for concrete speci-
mens were conducted following ASTM C39/C39M, where 
specimens were loaded at a rate of 0.24 MPa/s (35 psi/s) 
until failure. Elastic modulus (E) tests used a linear vari-
able displacement transducer (LVDT) to measure vertical 
displacement per ASTM C469. An average of two fc values 
from identically cured concrete specimens were used to find 
40% of the maximum load. E tests were then conducted on 
the two remaining specimens, which were then tested for 
fc, for a total of four fc and two E per set of four concrete 
specimens.

RESULTS AND DISCUSSION
Analysis of mass placement time-temperature 
histories

Time-temperature histories were recorded for each mass 
placement and are shown in Fig. 6. Temperature trends were 
expected as increasing placement size and the inclusion 
of insulation yielded higher peak temperatures. Figure 6 
temperatures were all noticeably higher than the peak 
temperatures reported in Table 1. TPOIs and calibration vari-
ables were calculated for each recorded time-temperature  
history in each mass placement (Table 4). Using Table 4 
data and trends in Fig. 5, similar temperature profiles 
were grouped together to create three temperature regions 
within each mass placement. Region 1 (R1) was the hottest 
temperatures (typically at the center of each mass place-
ment), Region 2 (R2) was intermediate temperatures, and 
Region 3 (R3) was typically temperatures at the edge of each 
mass placement. Regions were checked using two-tailed 
t-tests assuming unequal variance at a 0.05 significance level 
to ensure key variables in each region were different from 
one another. In other words, R2 was statistically compared 
to R1 and R3 for each placement. As seen in Fig. 7, there 
were only three cases where, statistically, there was no 
difference between variables in two temperature regions: 
1) Sdec between R1 and R2 in the 1.22 m (4 ft) insulated 
placement; 2) Sinc between R2 and R3 in the 1.83 m (6 ft) 
non-insulated placement; and 3) Sdec between R2 and R3 in 
the 1.83 m (6 ft) non-insulated placement. In these cases, 

Table 3—Summary of laboratory curing protocols

Curing protocol Insulator

Programmed boundary condition

Curing protocol objectivetD, hours Sinc, °C/h tPD, hours Sdec, °C/h

1 AH 6.0 3.0 4.0 –1.0 Recommended in Carey et al.8

2 PIR — — — — Recommended in Carey et al.8

3 PIR 6.0 11.2 4.0 –0.45 Recommended in Carey et al.9

4 PIR 12.5 13.9 25.5 –0.87 Replicate 1.2 m non-insulated placement; R1

5 PIR 13.1 12.3 12.4 –0.77 Replicate 1.2 m non-insulated placement; R2

6 PIR 14.4 8.9 7.3 –0.57 Replicate 1.2 m non-insulated placement; R3

7 AH 14.4 8.9 7.3 –0.57 Replicate 1.2 m non-insulated placement; R3

8 PIR 10.4 14.7 27.4 –0.56 Replicate 1.2 m insulated placement; R1

9 PIR 10.9 13.6 15.6 –0.51 Replicate 1.2 m insulated placement; R2

10 PIR 12.0 10.4 29.3 –0.40 Replicate 1.2 m insulated placement; R3

11 AH 12.0 10.4 29.3 –0.40 Replicate 1.2 m insulated placement; R3

12 PIR 9.8 17.0 50.3 –0.54 Replicate 1.8 m non-insulated placement; R1

13 PIR 9.8 13.8 11.5 –0.48 Replicate 1.8 m non-insulated placement; R2

14 PIR 11.0 6.7 4.0 –0.32 Replicate 1.8 m non-insulated placement; R3

15 AH 11.0 6.7 4.0 –0.32 Replicate 1.8 m non-insulated placement; R3

16 PIR 11.8 15.9 64.5 –0.40 Replicate 1.8 m insulated placement; R1

17 PIR 12.2 13.8 33.7 –0.36 Replicate 1.8 m insulated placement; R2

18 PIR 13.0 6.3 4.5 –0.21 Replicate 1.8 m insulated placement; R3

19 AH 13.0 6.3 4.5 –0.21 Replicate 1.8 m insulated placement; R3

Note: tD is length of dormant period; Sinc is rate of temperature increase; tPD is length of peak temperature; Sdec is rate of temperature decrease; boundary condition variables visu-
ally defined in Fig. 5; all laboratory experiments were conducted in variable temperature bath; °F = (9/5)(°C) + 32; 1 m = 3.28 ft.
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visual evaluations of the time-temperature histories justified 
temperature region grouping.

Analysis of variance (ANOVA) was used to assess overall 
trends of these mass placements (that is, considering all TCs 
in each placement regardless of region) at a 0.05 signifi-
cance level. Tmax and Sinc values (that is, variables defining 
the time-temperature curve up to peak temperature) were 
not statistically different between any of the placements 
reporting p-values of 0.39 and 0.37, respectively. However, 
Sdec values of each placement were statistically different 
from one another with a p-value less than 0.01. Addition-
ally, the 1.83 m (6 ft) insulated placement was compared 
to a placement of the same size and insulation reported in 
Carey et al.,9 where a different mixture was used. Tmax and 
Sinc values were meaningfully different between the place-
ment presented herein (101.1°C and 13.2°C/h [214°F and  
23.8°F/h]) and the Carey et al.9 placement (94.1°C and 
3.4°C/h [201.4°F and 6.1°F/h]). However, when evaluating 
Sdec, the two placements were nearly identical (–0.35°C/h  
[–0.63°F/h] for the placement herein and –0.34°C/h 
[–0.61°F/h] for the Carey et al.9 placement). This indi-
cates that mixture characteristics influence initial time- 
temperature characteristics such as Tmax and Sinc, while the size 

and insulation of mass placements drive time-temperature 
histories after peak temperatures have occurred (that is, Sdec).

Evaluating feasibility of three-stage testing 
framework

Figure 8 and Table 5 summarize all data from laboratory- 
scale specimens that were cured following Table 3 curing 
protocols. Generally speaking, curing protocols for most 
center and intermediate regions (that is, R1 and R2) yielded 
time-temperature profiles that closely resembled mass place-
ments, while the edge region profiles (that is, R3) greatly 
overestimated mass placement temperatures. R1 protocols 
produced reasonable time-temperature profiles for 1.22 m 
(4 ft) placements; however, for the 1.83 m (6 ft) place-
ments, protocols were not successfully implemented due 
to equipment limitations and extreme temperature ranges. 
In the 1.83 m (6 ft) non-insulated placement, programmed 
temperatures exceeded the operating temperature of the 
VT bath, causing equipment failure, while the combina-
tion of VT bath and insulating block could not reach the 
target temperature for the 1.83 m (6 ft) insulated placement. 
Further improvements to the proposed three-stage testing 
protocols are envisioned where equipment with increased 

Fig. 5—Insulators and environmental chambers used in study. (Note: Dimensions of curing blocks given in cm [in.].)
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operating temperatures is used (for example, programmable 
ovens in place of a programmable cooler).

R2 protocols produced temperatures that were visu-
ally similar to each mass placement. ANOVA testing at a 
significance level of 0.05 was conducted to compare R2 
laboratory curing protocols to mass placements. Sinc of the 
laboratory protocols was significantly different than all four 
mass placements (p-value <0.01 in all cases), even though 
programmed Sinc rates were the same as each mass place-
ment. This indicates that heat generated by laboratory speci-
mens during hydration increases Sinc values to be higher than 
programmed. Tmax was significantly different for the 1.22 m 
(4 ft) insulated placement (p-value of 0.01) and the 1.83 m 
(6 ft) non-insulated placement (p-value of 0.02), but statisti-
cally the same in the 1.22 m (4 ft) non-insulated placement 
(p-value of 0.13) and 1.83 m (6 ft) insulated placement 
(p-value of 0.38). The differences in Tmax for some place-
ments were likely influenced by the meaningfully higher 
Sinc values of laboratory specimens. There was no statis-
tical difference between Sdec of laboratory protocols and 
mass placements (p-values of 0.31, 0.26, 0.08, and 0.47). 

Although there are some statistical differences in thermal 
variables between mass placements and laboratory curing 
protocols, visually, the laboratory protocols reasonably 
represented mass placement time-temperature profiles. This 
is considerable evidence of the validity of the three-stage 
curing protocol concept to recreate mass placement tempera-
ture profiles of laboratory specimens.

In addition to the three-stage laboratory protocols  
developed and evaluated herein, previously recommended 
curing protocols were also evaluated for continuity with 
previous efforts. Carey et al.9 recommended a laboratory 
protocol to replicate temperatures within an intermediate 
region of a 1.83 m (6 ft) insulated mass placement. This 
recommended protocol was developed using one mixture 
and does not account for changes in mixture constituents. 
ANOVA testing showed that although Tmax were statisti-
cally the same between the mass placement and laboratory 
specimens (p-value of 0.14), Sinc and Sdec were statistically 
different (p-value <0.01 in both cases). Unlike the recom-
mended protocol from Carey et al.9 that was developed 

Fig. 6—Recorded time-temperature histories of each mass placement. (Note: 1 m = 3.28 ft.)



99ACI Materials Journal/May 2024

Table 4—Calibration variables and scaling constants of mass placements and initial PIR test

Thermal data set TC

Calibration variables Scaling constants

tD Sinc tPD Sdec a b c d

PIR — 20.1 9.8 1.4 –1.3 — — — —

1.22 m non-insulated 
mass placement

1 12.5 13.9 25.5 –0.87 0.62 1.42 18.09 0.69

2 13.3 12.3 8.8 –0.76 0.66 1.26 6.21 0.60

3 14.0 11.6 5.0 –0.71 0.70 1.19 3.55 0.57

4 13.0 11.8 12.3 –0.74 0.65 1.20 8.69 0.59

5 12.8 12.2 15.3 –0.81 0.63 1.24 10.82 0.65

6 13.0 12.5 12.0 –0.78 0.65 1.28 8.51 0.62

7 12.8 12.4 16.3 –0.80 0.63 1.27 11.52 0.64

8 14.8 9.3 3.3 –0.59 0.73 0.95 2.30 0.47

9 13.0 13.0 17.3 –0.79 0.65 1.32 12.23 0.63

10 14.0 8.6 11.3 –0.55 0.70 0.88 7.98 0.43

1.22 m insulated
mass placement

1 10.3 15.2 27.0 –0.60 0.51 1.56 19.15 0.48

2 10.8 14.6 15.8 –0.53 0.53 1.49 11.17 0.42

3 11.5 13.4 12.5 –0.45 0.57 1.37 8.87 0.36

4 10.3 13.4 13.3 –0.55 0.51 1.36 9.40 0.44

5 10.5 13.0 11.8 –0.55 0.52 1.33 8.33 0.44

6 11.0 14.6 14.3 –0.50 0.55 1.49 10.11 0.40

7 10.3 14.3 26.0 –0.55 0.51 1.46 18.44 0.44

8 12.0 10.4 3.0 –0.40 0.60 1.07 2.13 0.32

9 10.8 14.6 29.3 –0.53 0.53 1.49 20.74 0.42

10 11.3 12.5 26.3 –0.45 0.56 1.27 18.62 0.36

1.83 m non-insulated 
mass placement

1 9.8 17.0 50.3 –0.54 0.48 1.73 35.64 0.43

2 10.0 13.9 8.5 –0.48 0.50 1.42 6.03 0.38

3 10.3 11.9 3.5 –0.47 0.51 1.22 2.48 0.38

4 9.3 12.9 14.3 –0.45 0.46 1.32 10.11 0.36

5 9.5 14.5 10.5 –0.56 0.47 1.48 7.45 0.45

6 10.0 14.3 8.0 –0.47 0.50 1.46 5.67 0.38

7 9.8 15.5 25.0 –0.52 0.48 1.58 17.73 0.41

8 11.3 5.6 4.3 –0.39 0.56 0.57 3.01 0.31

9 9.8 13.4 10.5 –0.41 0.48 1.37 7.45 0.33

10 10.8 7.7 3.8 –0.25 0.53 0.79 2.66 0.20

1.83 m insulated
mass placement

1 11.8 15.9 64.5 –0.40 0.58 1.63 45.74 0.31

2 12.0 14.4 32.0 –0.39 0.60 1.47 22.70 0.31

3 12.8 12.8 21.5 –0.32 0.63 1.30 15.25 0.26

4 11.8 14.4 22.5 –0.35 0.58 1.47 15.95 0.28

5 11.8 13.5 16.0 –0.38 0.58 1.38 11.35 0.30

6 12.3 14.5 31.8 –0.39 0.61 1.48 22.52 0.31

7 11.8 14.9 47.5 –0.40 0.58 1.52 33.69 0.31

8 13.0 6.3 4.5 –0.21 0.65 0.64 3.19 0.17

9 12.0 13.9 56.5 –0.36 0.60 1.42 40.07 0.29

10 13.3 11.8 41.5 –0.32 0.66 1.20 29.43 0.26

Note: tD reported in hours; Sinc reported in °C/h, tPD reported in hours; Sdec reported in °C/h; a, b, c, and d are scaling factors; 1 m = 3.28 ft; °F = (9/5)(°C) + 32.
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based on one mixture, the three-stage method has the ability 
to account for different mixtures by adjusting key metrics.

Temperature profiles from R3 of each mass placement 
(that is, near the surface, where external temperatures can 
meaningfully influence time-temperature histories) were not 
accurately replicated. For all four placements, Sinc, Tmax, and 
Sdec were statistically different than the laboratory protocol. 
The combination of insulation (PIR in the case of Fig. 7) 
as well as a programmed boundary condition produced 
temperatures that were much higher than measured mass 
placement temperatures. R3 three-stage protocols were 
also conducted using the AH curing block, which had a 
significantly lower insulating R-value than PIR. Even with 
the decreased insulating value, AH blocks produced time- 
temperature profiles that were meaningfully different than 
mass placement temperatures (Fig. 9). Sinc and Tmax of PIR 
and AH blocks used with R3 curing protocols were similar, 
while Sdec was noticeably different. Although the three-
stage protocol did not replicate time-temperature profiles of 
concrete near the edge of a mass placement, where external 
temperatures meaningfully influence temperatures, Stage 1 
only shows interest in replicating R3 profiles, as discussed 
in the following paragraph.

Previous efforts reported by Carey et al.8 evaluated and 
recommended two curing protocols for modestly sized 

UHPC placements with least dimensions between 0.15 and 
0.50 m (0.5 and 1.6 ft). Laboratory specimens were cured 
with these recommended protocols and compared to R3 
temperature profiles (Fig. 9). For 1.22 m (4 ft) placements, 
the PIR protocol (3 days in 23°C [73°F] ambient tempera-
tures) reasonably replicated Sinc and Tmax but did not repli-
cate Sdec adequately. Although this PIR protocol overpre-
dicted Tmax of both 1.83 m (6 ft) placements, this laboratory 
protocol produced closer estimates of R3 mass placement 
temperatures. When evaluating the AH block protocol, Tmax 
was overpredicted in all cases by 10 to 25°C (18 to 45°F). 
The PIR protocol is promising as this is currently being used 
as Stage 1 of the three-stage curing protocol, so R3 tempera-
tures could potentially be approximated using Stage 1 of the 
proposed framework.

Mechanical properties evaluation
Sets of four specimens were tested after undergoing each 

of the 19 curing protocols. There is no core data from these 
mass placements to benchmark against; however, ranges of 
anticipated mechanical properties of the mass placements 
can be estimated using laboratory data. Although mechan-
ical properties data from curing protocol 12 are reported 
in Table 5, they are not included in analysis of mechanical 
properties as the curing protocol failed.

Fig. 7—Summary of t-tests comparing maximum temperature (Tmax), Sinc, and Sdec for R1 to R2 and R2 to R3 for each mass 
placement. (Note: °F = (9/5)(°C) + 32; 1 m = 3.28 ft.)
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The fc of laboratory specimens had noticeable variability, 
with almost 90% of curing protocols producing coefficient 
of variation (COV) values greater than 10%. ANOVA tests 
at a 0.05 significance level showed there was no statistical 
difference in mechanical properties from curing protocols 
that are intended to represent temperature regions in the 
non-insulated and insulated 1.22 m (4 ft) placements as well 
as the non-insulated 1.83 m (6 ft) placement (p-values of 
0.72, 0.07, and 0.06, respectively). Although not signifi-
cantly different, the insulated 1.22 m (4 ft) placement and 
non-insulated 1.83 m (6 ft) placement were very close to the 
0.05 significance threshold. For the insulated 1.83 m (6 ft) 
placements, mechanical properties from each temperature 
region were statistically different (p-value = 0.01). Overall, 
these findings are encouraging as there was statistical signif-
icance identified between temperature curing protocols of 
mass placements and fc. Future work is needed to compare 
core strengths of mass placements to strengths of laboratory 
specimens cured following the Fig. 1 three-stage framework.

Compressive strengths of mass placement curing protocols 
were also compared to traditional curing protocols. Speci-
mens cured for 28 days in a 23°C (73°F) fog room produced 

an average fc of 68 MPa (9860 psi), and 58% of specimens 
cured to replicate a mass placement were within ±10 MPa 
(1450 psi) of the 28-day fc. Mass placement cured speci-
mens were also benchmarked to specimens cured to what 
is believed by some to be near ultimate strength by curing 
at 23°C (73°F) for 7 days, followed by 7 days submerged 
in a 90°C (194°F) water bath. Ultimate strength specimens 
yielded an average fc of 94 MPa (13,634 psi), which was 
meaningfully higher than all reported three-stage protocol 
cured specimen fc, except for curing protocol 16 (1.83 m 
[6 ft] insulated placement; R1). This indicates that thermal 
treatment (similar to what is described in ASTM C1856/
C1856M-1716) is likely not representative of strengths 
within some mass placements.

Linear regression analysis was conducted to determine the 
statistical relationships of calibration variables (for example, 
tD, Sinc, tPD, and Sdec) and fc, similar to the analysis in Carey 
et al.23 Each variable was compared to fc, and statistically 
significant relationships were quantified for tD (p-value 
<0.01) and tPD (p-value of 0.05); however, there was not 
a statistical relationship for Sinc (p-value of 0.34) and Sdec 
(p-value of 0.26) (Table 6). This indicates that for the concrete 

Fig. 8—Time-temperature profiles of mass placements compared to time-temperature profiles of laboratory-cured specimens. 
(Note: NI is non-insulated; I is insulated; 1 m = 3.28 ft.)



102 ACI Materials Journal/May 2024

evaluated herein, the programmed dormant periods statisti-
cally influenced fc, while the programmed slopes (increase 
and decrease) had no statistical influence on fc. More analysis 
is needed on a wide range of mixtures to fully quantify the 
influence of calibration variables on mechanical properties; 
however, this analysis shows that the recommended three-
stage curing protocol does statistically influence mechanical 
properties, further highlighting its potential to characterize 
thermomechanical properties of modest to mass placements 
where HSCs are used.

The elastic modulus (E) was less variable than fc, with 
only 33% of E values having a COV higher than 10%. 
ANOVA tests at a 0.05 significance level showed there were 
no statistical differences between E values from temperature 
regions for each placement (p-values of 0.18, 0.06, 0.47, and 
0.68, respectively). Additionally, there were no statistically 
significant relationships between calibration variables and 
elastic modulus (Table 6). These findings align with previous 
research by the authors where, so long as naturally occurring 
hydration reactions occur (that is, delaying curing protocols 
until concrete has naturally begun hydration reactions), the 
elastic modulus is not significantly influenced by changes in 
curing temperature.22

CONCLUSIONS AND RECOMMENDATIONS
This paper focused on vetting a three-stage testing protocol 

that aims to cure laboratory specimens with a protocol that 

replicates temperature histories of a mass placement. From 
this work, the following conclusions can be drawn:

1. Recorded mass placement peak temperatures ranged 
from 107 to 119°C (225 to 246°F), which were higher than 
Table 1 reported temperatures and exceeded limits of equip-
ment used by the authors.

2. The three-stage protocol was successful at replicating 
temperature profiles in regions where exterior tempera-
tures do not play a meaningful role in the time-temperature 
history. Stage 1 curing procedures were shown to reasonably 
replicate temperature profiles near the edge.

3. There was a statistically significant relationship between 
calibration variables (that is, tD and tPD) used to develop 
three-stage curing protocols and compressive strength.

Based on these conclusions, the following recommenda-
tions with respect to the three-stage curing protocol evalu-
ated herein are provided:

1. More robust and standardized equipment is needed 
to successfully recreate curing protocols at the extreme 
temperatures (that is, >115°C [239°F]) recorded in mass 
placements.

2. Although the upper temperature boundaries of the 
testing protocol are reasonably understood, more research 
is needed to quantify the potential of the three-step curing 
protocol for concretes that do not generate as much heat 
during hydration.

Table 5—Thermal and mechanical results of laboratory specimens

Curing 
protocol

Thermal variables fc E

Tmax, °C Sinc, °C/h Sdec, °C/h n Avg., MPa COV, % n Avg., MPa COV, %

1 89.5 12.7 –1.27 4 67 15.8 2 35,878 0.1

2 79.6 9.79 –1.26 4 75 11.8 2 38,380 0.7

3 108.7 17.8 –0.52 4 72 19.2 2 41,378 1.2

4 107.3 26.6 –0.76 4 64 29.8 2 43,010 13.6

5 101.7 19.0 –0.80 4 74 8.7 2 34,610 3.1

6 93.1 14.7 –0.77 4 74 13.0 2 36,136 4.9

7 87.2 14.7 –0.80 4 70 6.3 2 41,752 2.9

8 108.5 20.7 –0.55 4 49 22.6 2 27,374 14.6

9 107.3 22.2 –0.55 4 68 24.3 2 37,514 5.8

10 98.6 16.9 –0.59 4 73 15.8 2 37,928 6.9

11 100.8 18.5 –0.72 4 50 8.9 2 49,585 32.2

12* — — — 3 36 9.2 1 41,172 —

13 108.2 20.0 –0.56 4 45 36.4 2 33,071 20.4

14 93.9 14.8 –0.76 4 67 15.7 2 37,270 1.2

15 85.6 13.4 –0.81 4 59 17.4 2 33,663 28.7

16 109.1 24.8 –0.31 4 95 8.5 2 35,941 3.9

17 107.0 23.3 –0.38 4 64 8.1 2 33,900 4.0

18 92.2 13.9 –0.59 4 80 20.1 2 37,760 17.2

19 85.9 14.0 –0.58 4 72 22.1 2 32,994 8.0

*Curing protocol 12 failed due to equipment limitations. Detailed thermal data are not available; mechanical properties shown as reference but are not included in analysis.

Note: Tmax is maximum recorded internal specimen temperature; Sinc is rate of temperature increase recorded from specimen; Sdec is rate of temperature decrease recorded from 
specimen; fc is unconfined compressive strength; E is elastic modulus; n is number of replicates; Avg. is average; 1 MPa = 145 psi; °F = (9/5)(°C) + 32.
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3. Test mass placements that can be cored to measure 
the in-place compressive strength (fc) of the placement to 
compare to the laboratory testing framework.

4. Mass placements with a wide range of constituents 
should be evaluated within the framework to ensure its 
validity for multiple mixtures.

Fig. 9—Comparison of insulating block material and previously published curing protocols from Carey et al.8 to R3 time- 
temperature profiles recorded herein. (Note: 1 m = 3.28 ft.)

Table 6—Relationships between calibration variables and mechanical properties

Variable 1 Variable 2 Equation p-value on equation slope Conclusions

fc

tD fc = 6.04(tD) – 0.34 <0.01 Statistically significant

Sinc fc = –0.81(Sinc) + 78.0 0.33 Not statistically significant

tPD fc = 0.30(tPD) + 62.0 0.05 Statistically significant

Sdec fc = 15.9(Sdec) + 76.3 0.26 Not statistically significant

E

tD E = 1169(tD) + 21,938 0.14 Not statistically significant

Sinc E = –350(Sinc) + 40,016 0.28 Not statistically significant

tPD E = –18(tPD) + 36,257 0.76 Not statistically significant

Sdec E = –3057(Sdec) + 34,351 0.58 Not statistically significant

Note: tD is length of dormant period in hours; Sinc is rate of temperature increase in °C/h; tPD is length of peak temperature in hours; Sdec is rate of temperature decrease in °C/h; fc is 
unconfined compressive strength in MPa; E is elastic modulus in MPa; p-value ≤ 0.05 indicates statistically significant relationship.
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