











First International Interactive Symposium on UHPC — 2016
Effect of Extreme Temperatures on the Coefficient of Thermal Expansion for UHPC

together with the concrete disk during cooling or heating inside the environmental chamber. In
order to determine the deformation of the concrete sample, the frame and LVDTs are calibrated
using a square invar cross with Ohio CTE device. Ohio-CTE test is validated by testing two 6
inches (152.4 mm) diameter disk metals (6061 aluminum and stainless steel 316).
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Figure 2. (a) Ohio CTE device (b) Ohio CTE device set-up with a test specimen

3.2 HSC and UHPC Materials and Sample Preparation

Both HSC and UHPC were tested using Ohio-CTE testing method. The concrete cylinders were
cured in accordance with ASTM C31/C31M (2012), and the compressive strength of the concrete
cylinders was determined according to the test method ASTM C39/C39M (2014). Table 1 shows
the mix proportions for the HSC. The compressive strength of the HSC cylinders after 28 days
was 11.5 ksi (79.3 MPa). Four concrete discs were cut to 1 inch (25.4 mm) thickness from the 6 x
12 inch (152.4 x 304.8 mm) concrete cylinder. The first disc at the edge was discarded due to low
aggregate density. The proportions of the UHPC mix are shown in Table 1. The compressive
strength of the UHPC cylinder after 28 days was 22.9 ksi (158.5 MPa). The UHPC was casted in
a6 x 120 inch (152.4 x 3048 mm) plastic pipe in order to obtain a fiber orientation consistent with
the shear key of an adjacent box beam bridge. Four concrete disc were cut to 1 inch (25.4 mm)
thickness from the end of UHPC cylinder. The first disc at the edge was discarded due to random
fiber orientation.

Table 1. HSC and UHPC Mixed Designs for one cubic yard.

HSC UHPC (Ductal JS1000)

Constituents Amount | Constituents Amount

Coarse aggregate 1600 Ib Premix 3699.8 Ib

Fine aggregate 1189 Ib Water 219.11b

Cement type 111 775 1b Premi 150 50.6 Ib

Water 283 Ib Steel fiber 262.91b

Air entraining admixture 2.7 0z - -

High range water reducing admixture | 99.2 oz | - -
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3.3 Test Procedure

After preparing the UHPC and HSC specimens, the specimens were air-dried by applying 120°F
(48.9°C) for 24 hours to ensure that the moisture level in the specimens was low. Next, the Ohio-
CTE device and the concrete disk were placed at the middle of the environmental chamber. At the
beginning of the Ohio-CTE test, different cooling rates were tried to obtain the optimum cooling
rate for the test setup. Figure 3 shows the temperature profile for the optimum cooling rate. The
temperature for the first hour was held constant at 140°F (60°C) to ensure that the frame, LVDTs,
and the specimen have the same temperature. Then, the specimen was cooled from 140°F to -76°F
(60 to -60°C) at a 36°F/hr. (20°C/hr.) rate under the air-dry condition while collecting temperature
and deformation data every 60 seconds. After completion of the test, the collected data was
corrected using calibration factors to determine the thermal strain of the tested specimen.
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Figure 3. Temperature profile
4 Results and Discussions

4.1 UHPC and HSC CTEs

The thermal strain versus temperature curves for HSC and UHPC are shown in Figure 4(a) and
Figure 4(b), respectively. The thermal strain-temperature behavior of HSC is approximately
nonlinear in the temperature range from 35 to 70°F (1.7 to 21°C), and linear for temperature
changes outside this range. For UHPC, the thermal strain-temperature behavior is approximately
linear over the entire temperature range from -76 to 140°F (-60 to 60°C). Figure 5(a and b)
represent the CTE versus temperature for the HSC and UHPC, respectively, where the CTE is the
slope of the thermal strain versus temperature. The CTE curves were plotted using a moving
average approach, which involves taking the slope of the thermal strain-temperature curves in 15°F
(8.3°C) temperature increment (Figure 4). The CTE-temperature behavior of HSC is
approximately linear in the temperature range from 35 to 70°F (1.7 to 21.1°C), and constant for
temperature changes outside of this range. For UHPC, the CTE-temperature behavior is
approximately constant in temperature range from -76 to 140°F (-60 to 60°C). The average CTEs
were calculated to be 9.4 x 10%/°F (16.9 x 10/°C) and 6.0 x 10°%°F (10.8 x 10°%/°C) for UHPC
and HSC, respectively. The higher CTE in UHPC can be attributed to high cement content and no
coarse aggregate in the mix design. Instead, the UHPC mix consists of 29 percent cement and 40
percent fine sand. Therefore, the UHPC CTE value is governed by CTE value of the fine sand and
cement. The lower HSC CTE value is due to the low thermal expansion of the coarse aggregate
(ACI 209R-92, 2008).

The results of CTE tests are summarized in Table 2, and include the average CTE for the
UHPC and HSC and the coefficient of variation (COV) for different categories of temperature
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range. The averages in Table 2 indicate a decreasing HSC CTE value as the temperature drops
under 40°F (4.4°C) while the average UHPC CTE remains almost constant over the temperature
range from -76 to 140°F (-60 to 60°C). For overall CTE, the average UHPC CTE was 9.4 x 10
8/°F (16.9 x 10°%/°C) with a COV of 0.6 percent, and the average HSC CTE was 6.0 x 10°/°F (10.8
x 10°%/°C) with a COV of 0.4 percent. The UHPC CTE value is 1.55 times higher than the HSC
value for the temperature range from 40 to 105°F (4.4 to 40.6°C), and this difference increases to
1.68 times for the temperature range of -55 to 40°F (-48.3 to 4.4°C). The difference in CTE will
generate high stresses in HSC bridges using UHPC joints due to the difference in thermal strain
between the materials. The axial thermal strain due to a change in temperature is expressed by:

&y =a(l, = Ty) (1)
where a is the CTE, T; is initial temperature or construction temperature, and 7o may be taken as
the minimum effective temperature described in section 1.2. For a temperature increase, 7o may
be taken as the maximum effective temperature described in section 1.2. Relative movement
between the shear keys and girders induces either a tensile or compressive stress on the UHPC and
HSC, depending on whether the temperature increases or decreases, respectively, from
construction temperature. The difference in CTE between UHPC and HSC is larger at lower
temperatures, and the UHPC-HSC composite section will experience high thermal stresses. The
most likely place for a high stress to take place is at the interface between HSC and UHPC in the
bridge superstructure. The difference in thermal expansion between UHPC and HSC is generally
not considered in the joint design.
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Figure 4. Thermal strain-temperature of (a) HSC (b) UHPC

11 11

10 10

9 9 —
= 8 = 8
- S 7
m 5 o5
H
O 4 C 4

3 constant linear _ constant 3

2 5 constant

1 1

0 0

=75 =55 35 -15 5 25 45 65 85 105 125 145 75 55 35 <15 S 25 45 65 85 105 125 145

Temperature (F) Temperature (F)
(a) (b)

Figure 5. CTE-temperature of (a) HSC (b) UHPC
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Table 2. Test Results for All Composite Specimens.

Overall CTE 10° | COV % | CTE 10 (40 to 105F) | COV % | CTE 10 (40 to -55F) | COV %
HSC-1 6.042 6.809 5.661
HSC-2 6.060 6.738 5.684
HSC-3 6.091 6.775 5.692

Ave=6.064 0.4 Ave=6.774 0.5 Ave=5.679 0.3
UHPC-1 | 9514 9.329 9.619
UHPC-2 | 9.425 9.442 9.517
UHPC-3 | 9.404 9.321 9.449

Ave=9.447 0.6 Ave=9.364 0.7 Ave=9.528 0.9

4.2 Comparison with past research

To the best of the authors’ knowledge, the laboratory testing performed in this study represents the
first time the air-dry condition test has been applied to investigate the CTE of UHPC within a
temperature range from -76 to 140°F (-60 to 60°C). Therefore, a comparison of past research on
measuring the CTE of UHPC is warranted. A summary of the results from the present study and
past research is presented in Table 3. Most researchers reported that the steam treated UHPC
specimens have a higher CTE value than air cured specimens (untreated specimens). The results
from past research using modified AASHTO TP60-00 of untreated specimens show that the
average UHPC CTE range from 7.7 x 10°%/°F to 8.2 x 10°%/°F (13.9 x 10°%/°C to 14.8 x 10°%/°C).
Furthermore, it was reported that the measured UHPC CTE was dependent of the saturated level
of specimens during the testing process and temperature control (air-dry, oven-dry, and saturated
conditions). The results highlight a limitation of AASHTO TP60-00 and other test methods for the
measurement of UHPC CTE, where the UHPC CTE value is limited by water temperature range
and the saturation level of specimens. The average UHPC CTE of 7.7 x 10°%/°F (13.9 x 10%/°C)
determined by Ahlborn, Erron, and Donald (2008) using a modified AASHTO TP60-00 test is not
far removed from the 8.2 x 10%/°F CTE (14.8 x 10%/°C) value determined from the same method
by Graybeal (2006). Also, the Japanese recommendations (JSCE, 2010) report that a UHPC CTE
value of steam treated specimen is 7.5 x 10°%/°F (13.5 x 10°%/°C).

In the present study, the average value of the CTE for UHPC with a low moisture content
in the specimens was found to be 9.4 x 10°/°F (16.9 x 10%/°C), and corresponded to the air-dry
condition. This condition is consistent with the highest temperature that the concrete could
experience in the field according to AASHTO LFRD (2012). Comparison of this value with those
reported in the literature reveals that the UHPC CTE of untreated specimens measured in this study
is larger than the average CTE for all of the UHPC specimens measured from previous studies
regardless of the treatment method. These results highlight the benefit of using the Ohio-CTE
testing method, where the air-dry condition was applied to obtain the actual value of UHPC CTE.
This method allows the UHPC specimen to expand/shrink freely under the completely air-dry
condition.
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Table 3. Comparison of UHPC CTE with Past Research

Past research CTE Micro-strain/°F | COV % Method Temperature range F

Graybeal, (2006) 8.2° 2.5 AASHTOTP60-00* | 50 to 122°F
8.7 1.7

Fehling, Bunje, and 6.7 - - -

Leutbecher (2004)

Simon (2009) 5.61t06.7 - - 68 to 1472

Behloul et al. (2002) 6.7 - - 68to0 1112

AFGC (2002) 6.1 - - -

Graybeal, (2014) 8.2 - AASHTOTP60-00 | 50 to 122°F

Ahlborn, Erron, and 7.7° 1.9 AASHTOTP60-00* | 50 to 122°F

Donald, (2008) g1 21

JSCE, (2010) 7.5¢ - - -

Present study 9.4b 0.6 Ohio-CTE method | -55 to 130

*modified AASHTO TP60-00 testing method; ®untreated specimen; ¢ Steam treated specimen

5 Conclusions

An experimental approach was developed to determine the CTE of UHPC and HSC for a
temperature range from -76 to 140°F (-60 to 60°C) under the air-dry condition. This temperature
range covers temperature variations for different geographic locations throughout the United
States. The air-dry condition was applied in the experiment to obtain the actual values of CTEs for
UHPC and HSC. Based on the results of the testing performed in this study, the following
conclusion are drawn:

The CTE of UHPC can be considered constant for temperature range from -76 to 140°F
(-60 to 60°C). For HSC, the CTE is approximately linear in the temperature range from 35
to 70°F (1.7 to 21.1°C), and constant for temperature changes outside of this range.

The UHPC CTE value is 1.68 times higher than the HSC value for the temperature range
from -55 to 40°F (-48.3 to 4.4°C), and this difference decreases to 1.55 times for the
temperature range of 40 to 105°F (4.4 to 40.6°C). The difference in CTE between UHPC
and HSC will generate high longitudinal stresses in HSC bridges with UHPC joints, and
this effect will be more significant for temperature variations occurring at low
temperatures.

The average CTE for UHPC and HSC is found to be equal to 9.4 x 10°°/°F (16.9 x 10°%/°C)
and 6.0 x 10°%/°F (10.8 x 10%/°C), respectively. The CTE value for UHPC determined by
the Ohio-CTE test is greater than the average CTE values previously reported for UHPC
using AASHTO TP60-00.

The higher CTE value of UHPC obtain in the present study can be attributed to the use of
the Ohio-CTE test, where the air-dry condition is applied.

The CTE values of UHPC and HSC may now be used to calculate the thermal stresses between
the materials in the analysis and design of UHPC-HSC bridge connections.
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