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PREFACE

Cracking and Durability in Sustainable Concretes

ACl Committees 130 and 224 sponsored and moderated two sessions at The ACI
Concrete Convention and Exposition — Fall 2017, held in Anaheim, California. The
objective of the sessions was to review the use of innovative mixture designs which
incorporated sustainable admixtures and supplemental cementitious materials, and the
effect these sustainable technologies have on the cracking performance and durability
of these concretes. In particular, cracking behavior in sustainable concretes or practices
for mitigation of cracking in sustainable concretes was reviewed. This information was
shared based on completed research and case studies of sustainable concrete mixture
designs. The learning objectives of the two sessions follow:

1) Learn about innovative mixture designs that incorporate sustainable admixtures and
supplemental cementitious materials;

2) Learn about the effect these sustainable technologies have on the cracking
performance and durability of these concrete mixes;

3) Gain an understanding of the cracking behavior of sustainable concrete mixtures; and

4) Learn about practices used to mitigate cracking in sustainable concrete.

Twelve presentations were given, and the presenters came from all over the world.
Following the sessions, some of the presenters authored papers that provided more
extensive information about their research. This SP include copies of these seven
research papers.

Editors

Mr Ralf Leistikow
Wiss Janney Elstner Associates, Inc.
Cary, NC, USA

Dr Kimberly Waggle Kramer
Kansas State University, Manhattan, KS, USA
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SP-336-1

Internal Curing and Supplementary Cementitious Materials in Bridge Decks

James Lafikes, Rouzbeh Khajehdehi, Muzai Feng, Matthew O’Reilly, David Darwin

Synopsis: Supplementary cementitious materials (SCMs) in conjunction with pre-wetted fine lightweight aggregate
to provide internal curing are being increasingly used to produce high-performance, low-shrinking concrete to mitigate
bridge deck cracking, providing more sustainable projects with a longer service life. Additionally, the SCMs aid in
concrete sustainability by reducing the amount of cement needed in these projects. This study examines the density of
cracks in bridge decks in Indiana and Utah that incorporated internal curing with various combinations of portland
cement and SCMs, specifically, slag cement, Class C and Class F fly ash, and silica fume, in concrete mixtures with
water-cementitious material ratios ranging from 0.39 to 0.44. When compared with crack densities in low-cracking
high-performance concrete (LC-HPC) and control bridge decks in Kansas, concrete mixtures with a paste content
higher than 27% exhibited more cracking, regardless of the use of internal curing or SCMs. Bridge decks with paste
contents below 26% that incorporate internal curing and SCMs exhibited low cracking at early ages, although
additional surveys will be needed before conclusions on long-term behavior can be made.

Keywords: bridge decks, cracking, high-performance concrete, internal curing, sustainability
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INTRODUCTION

Cracking in bridge decks is a serious concern because cracks provide corrosive agents a direct path to
reinforcing steel and reduce the freeze-thaw resistance of the concrete, ultimately reducing the service life of the
structure. Regardless of the type of concrete being used in bridge deck construction, sustainability is significantly
improved through the reduction of cracking. One initiative in recent concrete construction includes the addition of
shrinkage reducing technologies as a measure to reduce cracking. Concrete mixture proportioning and construction
practices have also been examined as measures to result in longer-lasting bridge decks. Over the past two decades, the
Kansas Department of Transportation (KDOT) has been working with the University of Kansas (KU) to minimize
cracking in bridge decks. Through a pooled-fund study supported by KDOT, other state and federal transportation
organizations, and concrete material suppliers and organizations, the University of Kansas has developed
specifications for Low-Cracking High-Performance Concrete (LC-HPC) bridge decks.

These specifications address cement and water content, plastic concrete properties, construction methods,
and curing requirements. The constituent that undergoes shrinkage in concrete is cement paste (cementitious materials
plus water in a concrete mixture). As a measure to reduce shrinkage compared to conventional bridge deck concrete,
LC-HPC specifications limit cement content and dictate a tight range of water-cementitious material (w/cm) ratios.
Cement contents are limited to 500 to 540 1b/yd® (296 to 320 kg/m?). Because of a lack of consensus on the effect of
supplementary cementitious materials (SCMs) on drying shrinkage at the time LC-HPC specifications were first
written, only portland cement is permitted in LC-HPC decks. A w/cm ratio (0.43 to 0.45) is specified to help limit
strength because of the relationship between high strength and increased cracking due to reduced creep, which can
result in increased cracking if drying shrinkage is restrained. For portland cement mixtures following LC-HPC
specifications for w/cm ratio and cement content, the paste content is inherently limited to 24.6% by volume. The 28-
day strength of concrete is limited to values between 3500 and 5500 psi (24.1 and 37.9 MPa), and the air content of
fresh concrete must be 8.0 + 1.5% to improve durability and reduce cracking. An optimized aggregate gradation is
used in LC-HPC mixtures. This can be achieved with tools such as described by Shilstone (1990) or provided by the
KU Mix Method (Lindquist et al. 2008, 2015). These criteria provide concrete with better workability at a lower
slump. LC-HPC specifications limit slump between 1% and 3 in. (40 and 75 mm) at the point of placement and 3% in.
(90 mm) at the truck because high slump increases settlement cracking above reinforcing bars. To limit thermal and
plastic shrinkage cracking, the temperature of fresh concrete must be between 55 and 70 °F (13 and 21 °C). The
temperature range may be extended to 50 to 75 °F with approval by the Engineer.

To reduce the amount of water lost during construction and to avoid plastic shrinkage limits, the evaporation
rate during bridge deck placement is limited to 0.2 1b/ft¥hr (1.0 kg/m*/hr). If the evaporation rate exceeds this limit,
special actions, such as cooling the concrete or installing wind breaks, are required. Procedures for ensuring proper
consolidation of concrete (through the use of vertically mounted internal gang vibrators) are also specified along with
strike-off and finishing. The surface must be finished using a burlap drag, a metal pan, or both, followed by bullfloating
(only if needed). Finishing aids, including water, are prohibited. To minimize plastic shrinkage cracking caused by
loss of surface water after placement, early initiation of curing is required using a layer of pre-saturated burlap placed
on the deck within 10 minutes after final strikeoff. A second layer of burlap must be placed within the next 5 minutes.
The burlap must be soaked for at least 12 hours prior to placement.

In Kansas, 16 bridge decks have been constructed following the LC-HPC specifications (Kansas Department
of Transportation 2011, 2014a, 2014b), with 11 bridge decks constructed following normal KDOT specifications to
provide a basis of comparison. To provide a consistent method to compare bridge decks, a specific crack survey
procedure has been developed to minimize variations from year to year (Lindquist et al. 2008, Yuan et al. 2011,
Pendergrass et al. 2014). Results from the pooled-fund study show that the LC-HPC bridge decks are performing
better than the decks constructed in accordance with normal KDOT specifications across the state (Lindquist et al.
2008, McLeod et al. 2009, Darwin et al. 2010, 2012, Yuan et al. 2011, Pendergrass et al. 2014, Alhmood et al. 2015,
Darwin et al. 2016).

There are other approaches available in addition to LC-HPC to reduce cracking in bridge decks. These include
the use of internal curing (IC) through a partial replacement of aggregate with pre-wetted fine lightweight aggregate
(LWA). For concrete with water cementitious material (w/cm) ratios below about 0.42, the cement paste can
experience self-desiccation during early hydration, resulting in autogenous shrinkage of the concrete. In cases where
the concrete is restrained from shrinking, tensile stresses develop and crack the concrete. Proper distribution of IC
water has been shown to improve performance of concrete due to the reduction of autogenous shrinkage by providing
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additional water for hydration throughout the entire cement paste matrix (Bentz and Weiss 2011). IC water is also
available to reduce drying shrinkage for concrete made with w/cm ratios both above and below 0.42. Applicability of
this technology for bridge deck cracking and durability is discussed in this report.

The initial survey results of six bridge decks in Indiana are the primary focus of this report. The first deck
(IN-IC) was placed with IC concrete that contained 100% portland cement with IC, obtained by replacing a portion
of aggregate with pre-wetted fine LWA. The control deck for IN-IC, designated IN-Control, incorporated mixture
proportions similar to the IN-IC deck but with no IC water provided (no LWA replacement). The other four bridges
were constructed with internally cured high-performance concrete (IN-IC-HPC) containing SCMs, either Class C fly
ash or slag cement along with silica fume. The IN-IC-HPC decks contained higher quantities of IC water than IN-IC.

In addition to the six bridges in Indiana, the results of crack surveys conducted by Brigham Young University
(BYU) on two internally cured decks in Utah (UT-IC-1 and UT-IC-2) are also included in this paper for comparison.
UT-IC-1 and UT-IC-2 were constructed in spring 2012 and are similar in structure type (including precast panels to
support an internally cured deck topping) and mixture proportions. The concrete used in both UT-IC decks
incorporated a partial replacement of cement with Class F fly ash. The age of both Utah bridges was 24 months at the
time of most recent surveys and followed a procedure similar to that used by KU for visually inspecting bridge decks
for cracks. This report analyzes the cracking performance of the eight bridge decks and compares them with that of
the LC-HPC and conventional KDOT bridge decks being analyzed in the pooled-fund study.

RESEARCH SIGNIFICANCE

Cracking of concrete bridge decks can lead to rapid deterioration and shortened service life. It follows that
the sustainability of concrete bridge decks is significantly increased with improved cracking performance. Based on
research findings at the University of Kansas (KU), specifications for Low-Cracking High-Performance Concrete
(LC-HPC) bridge deck construction were developed and include requirements for cementitious material and cement
paste contents, curing, maximum concrete compressive strength, slump, and finishing operations. LC-HPC
specifications do not currently specify the use of SCMs or IC. The bridge decks included in this paper serve as a basis
for evaluating cracking and durability performance of concrete with IC or SCMs and IC at early ages.

CRACK SURVEY PROCEDURE
Crack surveys for both LC-HPC and control bridge decks are performed on an annual basis during late spring,
summer, and early fall. The survey procedures are summarized next.

Procedure

To provide accurate and comparable results, a standard procedure is followed for crack surveys as outlined
by Lindquist et al. 2005. Crack surveys should be performed only on a day that is at least mostly sunny with an air
temperature not less than 60°F (16°C) at the time of surveying. Moreover, the bridge deck should be completely dry.
The crack survey is invalid if it rains during the time of the survey or if the sky becomes overcast.

A scaled plan (map) for the bridge deck is developed and printed before the survey and serves as the template
to indicate the location and length of the cracks on the actual bridge deck. A grid on a separate sheet of paper is
included underneath the deck plan. The grid helps the surveyor keep track of crack location and length. Some
variations are expected when drawing the cracks.

Traffic control is provided to ensure the safety of the surveyors during the bridge survey. After closing at
least one lane of the bridge to traffic, two surveyors draw a 5 ft x 5 ft (1.52 m x 1.52 m) grid on the bridge deck using
sidewalk chalk or lumber crayons. This is called the bridge grid and should match the grid prepared for use with the
plans. Surveyors mark cracks on the deck they can see while bending at waist height (cracks that cannot be seen from
waist height should not be marked). At least two surveyors should inspect each section of the bridge. This method
results in consistent crack survey results between surveys (Lindquist et al. 2005, 2008). After cracks are marked on
the bridge, another surveyor draws the marked cracks on the scaled bridge plan.

To determine crack density, the bridge plans with the marked cracks are scanned into a computer and
converted to digital drawing files. Any lines on the bridge plan not representing cracks (such as bridge abutments or
barriers) are erased in post-processing. The total length of the cracks can then be measured using drawing software.
Crack density is calculated by dividing the total length of the cracks by the area of the bridge deck. Crack densities
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are reported in m/m? for the whole bridge, each placement, and each span (1 m/m? = 0.305 ft/ft?). For most bridge
decks, the majority of cracks present are transverse, although longitudinal cracks form, especially adjacent to
abutments (Schmitt and Darwin 1995; Krauss and Rogalla 1996). As will be shown later in this paper, the cracks in
the Indiana decks tended to be longitudinal. For the two Utah decks discussed in this paper, crack surveys were
conducted by BYU researchers using a similar procedure for identifying, measuring, and recording crack lengths and
widths (Guthrie et al. 2014).

BRIDGES

The Indiana bridges are located in two Indiana Department of Transportation (INDOT) districts, Seymour
and Vincennes. The four IN-IC-HPC decks are supported by steel girders and have steel stay-in-place forms; the other
two are supported by prestressed box beams. Two Utah IC deck toppings, surveyed by Brigham Young University
researchers (included as an additional reference for comparison) are supported by precast half-deck concrete panels
supported by precast prestressed concrete girders. Information on the decks is summarized in Table 1. In this report,
the IC and control decks in Indiana are designated IN-IC and IN-Control, respectively, and the internally cured high-
performance concrete decks are designated IN-IC-HPC-1 through IN-IC-HPC-4. The internally cured Utah deck
toppings are designated UT-IC-1 and UT-IC-2.

Table 1—Bridge properties

. - Type of Skew Length Width
Bridge ID District S
ridge istric Support pans (deg.) o) m | ¢y (m)
IN-IC Seymour | Lrestressed 1 106 | 403 | 123 | 29 | 88
box beam
IN-Control | Seymour Pges“essed 1 0 50 | 152 29 | 88
o0x beam
IN-IC-HPC-1 | Vincennes | Steel beam 3 0 224 | 683 | 345 | 105
IN-IC-HPC-2 | Seymour Steel beam 1 0 55 16.8 | 43.5 | 133
IN-IC-HPC-3 | Seymour Steel beam 4 34.8 256 | 78.0 | 33 10.1
IN-IC-HPC-4 | Vincennes | Steel beam 2 67 | 230 | 70.1 | 438 | 13.4
UT-IC-1 - Prestressed 1 34 | 1275 389 | 508 | 15.5
girder
UT-IC-2 - Prestressed 1 4 119.8 | 36.5 | 50.8 | 15.5
girder

IN-IC

IN-IC is a single-span bridge located in the INDOT Seymour district near the city of Bloomington and spans
over Stephens Creek on North Gettys Creek Rd. The deck was placed in September 2010 in a single placement. It is
supported by prestressed concrete box beams. IN-IC is 29 ft (8.4 m) wide, and the deck varies in depth from 4% in.
(114 mm) at edge gutters to 8 in. (205 mm) at the roadway centerline. A single layer of reinforcing steel was placed
at the mid-depth of the decks. The IN-IC bridge deck spans approximately 40.3 ft (12.3 m). The concrete contained
657 Ib/yd? (390 kg/m?) of Type I/II portland cement, compared to a maximum of 540 Ib/yd® (320 kg/m?®) used for LC-
HPC bridge decks. IN-IC contained pre-wetted fine LWA for providing IC water. The w/cm ratio was 0.39, well below
the range of 0.43 to 0.45 used for LC-HPC bridge decks. The paste content was 27.6%, by volume, which is higher
than the 22.8 to 24.6% used in LC-HPC bridge decks and threshold of 27% based on the work by Schmitt and Darwin
(1995, 1999). Without internal curing, these parameters typically lead to concrete with high crack densities. The
lightweight aggregate used in this bridge provided an average IC water content of 7.2% by weight of cement. The
average 28-day strength of the lab-cured cylinders was 4900 psi (33.8 MPa), which is within the suggested range of
3500 to 5500 psi (24.1-37.9 MPa) for LC-HPC. The strength, however, was low considering the w/cm ratio of 0.39.
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Fresh concrete properties including slump, temperature, and air content are not available for this deck.

IN-Control

IN-Control is a single-span bridge located in close proximity to IN-IC and also spans over Stephens Creek
on North Gettys Creek Rd. It serves as the control deck for IN-IC and did not utilize internal curing. Like IN-IC, IN-
Control is supported by prestressed concrete box girders. The deck was, like IN-IC, constructed in September 2010 in
a single placement. Deck geometry and reinforcement layout are similar to IN-IC. IN-Control spans approximately 50
ft (15.2 m). This bridge deck used the same type and amount of cement and w/cm ratio as the IN-IC deck. The average
28-day strength of the cylinders was 4380 psi (30.2 MPa), which is again low, considering the low w/cm ratio. Fresh
concrete properties including slump, temperature, and air content are not available for this deck.

IN-IC-HPC-1

IN-IC-HPC-1 is located north of West Baden Springs on US 150 crossing the Lost River. It is a three-span
bridge with a length and width of 224 ft (68.3 m) and 34.5 ft (10.5 m), respectively. The deck is supported by steel
girders and was constructed in two placements, in July and October 2013. The deck has a depth of 8 in. (205 mm),
with 2.5 in. (64 mm) of top cover over reinforcing bars. The concrete contained 568 and 567 Ib/yd® (324 kg/m®) of
cementitious material for placements 1 and 2, respectively, 18% of which was slag cement and 4% of which was silica
fume (by weight). For IC, the concrete also contained pre-wetted fine LWA, accounting for approximately 15% of
total aggregate volume. The actual absorption of the LW A, determined prior to casting, was 18.7% for both placements
(versus 14.9% used in design). This resulted in average IC water contents of 9.1 and 8.5% by weight of binder for
placements 1 and 2, respectively. The w/cm ratios for placements 1 and 2 were 0.401 and 0.426, respectively, which
are below the range for LC-HPC decks. The paste contents for placements 1 and 2 were 24.6 and 25.2% of total
volume, respectively. The paste content for placement 2 was slightly outside of the range used in LC-HPC decks
(22.8-24.6%). The average slumps for placements 1 and 2 were 4% in. (120 mm) and 5% in. (145 mm) as measured
at the point of placement, respectively, which exceed the maximum slump of 3% in. (90 mm) for LC-HPC decks. The
average air contents for placements 1 and 2 were 5.1 and 5.5%, respectively, which are below the range (8.0 = 1.5%)
in the LC-HPC specifications. The average 28-day strengths for placements 1 and 2 were 7680 and 6640 psi (53.0 and
45.8 MPa), respectively, which exceed the upper limit for compressive strength under LC-HPC specifications.

IN-IC-HPC-2

IN-IC-HPC-2 is located in the town of Austin on US 31 over Hutto Creek. It is a single-span bridge with a
length and width of 55 ft (16.8 m) and 43.5 ft (13.3 m), respectively, and is supported by steel girders. The deck was
placed in October 2013. The deck is 8 in. (205 mm) thick. The concrete contained 575 Ib/yd® (340 kg/m?) of
cementitious material, 25% of which was Class C fly ash, and 4% of which was silica fume. For internal curing, the
concrete also contained pre-wetted fine LWA, accounting for 15% of total aggregate volume. The actual absorption
of LWA determined prior to casting for this deck was 20% (versus a design absorption of 13.75%). This resulted in
an average IC water content of 9.2% by weight of binder. The w/cm ratio for this deck was 0.418, which is lower than
the 0.43 to 0.45 range used in LC-HPC specifications. The paste content was 25.3% which is slightly outside of the
range used in LC-HPC decks (22.8-24.6%). The average slump was 5 in. (125 mm), and the average air content was
6.4%. The average 28-day strength was 6720 psi (46.3 MPa). The concrete slump, air content, and compressive
strength were outside of the ranges specified by LC-HPC specifications.

IN-IC-HPC-3

IN-IC-HPC-3 is located on SR 46 over interstate highway 1-74 in the town of West Harrison. This four-span
bridge has a length and width of 256 ft (78 m) and 33 ft (10.1 m), respectively, and is supported by steel girders. The
deck was constructed in a single placement in November 2014. The concrete contained 600 Ib/yd (355 kg/m?) of
cementitious material, 24% of which was Class C fly ash and 4% of which was silica fume. The concrete also contained
21% pre-wetted fine LWA of total aggregate volume to provide an IC water content of 11.6% by weight of binder.
The average w/cm ratio was 0.417 for this deck, outside the range suggested in the LC-HPC specifications (0.43 to
0.45). The paste content was 25.9%, which is outside of the range used in LC-HPC decks (22.8 to 24.6%). The average
slump was 5% in. (140 mm), and the average air content was 7.0%. The average 28-day strength was 5500 psi (37.9
MPa). Air content and strength met the LC-HPC requirements, but slump was higher than the limit specified within
LC-HPC specifications.

IN-IC-HPC-4
IN-IC-HPC-4 is located on SR 61 crossing over [-64. The two-span bridge has a length and width of 230 ft
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(70.1 m) and 43.8 ft (13.4 m), respectively and is supported by steel girders. The deck was constructed in two
placements, in July and October of 2015. The concrete contained 582 and 585 Ib/yd® (345 and 347 kg/m?®) of
cementitious material for placements 1 and 2, respectively, 20% of which was slag and 4% of which was silica fume
(by weight). The concrete also contained 21% pre-wetted fine LWA of total aggregate by volume for internal curing.
The actual absorption of the LWA determined prior to casting was 20.1% (versus a design absorption of 13%). This
resulted in average IC water contents of 12.0 and 11.2% by weight of binder for placements 1 and 2, respectively.
The average w/cm ratios for placements 1 and 2 were 0.414 and 0.420, respectively, lower than those used in the LC-
HPC decks. The actual paste contents for placements 1 and 2 were 25.7% and 26%, respectively, slightly outside of
the range used in LC-HPC decks (22.8-24.6%). The average slumps for placements 1 and 2 were 4% in. (120 mm)
and 5% in. (130 mm), respectively. The average air content was 6.2% for the first placement and 5.5% for the second
placement. Strength data were not provided for separate placements. The average 28-day compressive strength was
given as 6120 psi (42.2 MPa). Slump, air content, and strength are outside the ranges given in the LC-HPC
specifications.

UT-IC-1 and UT-IC-2

UT-IC-1 and 2 are located in the city of West Jordan. UT-IC-1 is along Dannon Way Road, and UT-IC-2 is
on 8200 South Road. Both are single span bridges supported by prestressed concrete girders and were placed in the
spring of 2012. The length and width of UT-IC-1 are 127.5 ft (38.9 m) and 50.8 ft (15.5 m), respectively. The length
and width of UT-IC-2 are 119.8 ft (36.5 m) and 50.8 ft (15.5 m), respectively. Precast half-deck concrete panels
support the IC deck topping for both bridges. The deck topping was specified to have 2/ in. (75 mm) of cover over
top reinforcing bars and varies in thickness. The IC deck toppings had identical mix designs and contained 605 Ib/yd?
(347 kg/m®) of cementitious material, 21% of which was Class F fly ash. The concrete also contained 16% pre-wetted
fine LWA of total aggregate volume to provide an IC water content of 7% by weight of binder. The w/cm ratio was
0.44, which is within the range suggested in LC-HPC specifications. The paste content was 28%, above of the range
used in LC-HPC decks (22.8-24.6%).

The average slumps for UT-IC-1 and UT-IC-2 were 3% in. (90 mm) and 3% in. (85 mm), respectively. The
average air contents for UT-IC-1 and UT-IC-2 were 6.4% and 6%, respectively. The average 28-day strengths of the
concrete for UT-IC-1 and UT-IC-2 were 5710 psi (39.4 MPa) and 5370 psi (37.0 MPa), respectively. Air content for
both decks and strength for UT-IC-1 did not meet LC-HPC specifications.

Concrete Properties and Construction Procedures

The mixture proportions used for the bridge decks are shown in Table 2. Plastic concrete properties along
with 28-day compressive strengths are listed in Table 3. Two concrete mix designs were used for internally cured
bridge decks in Indiana, IN-IC and IN-IC-HPC. The IN-IC concrete contained 657 Ib/yd® (390 kg/m?) of portland
cement, the only binder, and a w/cm ratio of 0.39, which resulted in a paste volume of 27.6%, exceeding the paste
content range in Kansas LC-HPC specifications. For IC concrete mixtures, current literature typically reports the
amount of IC water in 1b per 100 Ib (kg per 100 kg) of cementitious material. For this paper, the amount of IC water
is reported as a percentage by weight of cementitious material. IC water for the IN-IC deck was provided through
replacement of 24% of total aggregate (by volume) with pre-wetted fine LWA that provided 7.2% of IC water by
weight of cement in the mixture (Di Bella et al. 2012). Determination of absorption in laboratory was based on soaking
the material for 24 hours before placing it in a pre-wetted surface dry (PSD) condition. For fine LWA, absorption
tends to increase with longer soak times, so properties are described in terms of the PSD condition rather than the SSD
condition since the material is not fully saturated. A commercially available fine LWA with a 24-hour absorption of
10.4% and a PSD specific gravity of 1.56 was used. All LWA referenced in this paper is expanded shale. The mixture
proportions conformed to INDOT specifications and determination of LWA properties followed procedures outlined
by the New York State DOT (NYSDOT) for construction of a series of internally cured bridge decks (Wolfe 2012).
A modified paper towel test method (NY 703-19E Test Method) that includes instructions for determining LWA
properties in the field as well as in the lab was used in lieu of ASTM C128.

IN-IC-HPC mixtures that were used for construction of the remaining four internally cured bridge decks in
Indiana were designed to improve cracking and ionic transport properties of concrete (Barrett et al. 2015). First, to
reduce ion transport and have a denser microstructure, a ternary binder system with cement, silica fume (3 to 7% by
mass), and slag cement (15 to 20% by mass) or Class C fly ash (20 to 25% by mass), was used to produce a refined
pore system and greater calcium hydroxide consumption. For all the IN-IC-HPC bridges in this study, absorption of
the pre-wetted LWA obtained before batching exceeded the values determined in laboratory testing. IN-IC-HPC
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mixtures, as batched, had between 8.8 and 12% of IC water by weight of binder. The fine LWA used for the IN-IC-
HPC decks had a 24-hour absorption capacity (based on dry weight) and PSD specific gravity of approximately 13%
and 1.70, respectively. Second, the IN-IC-HPC specifications placed a 25% (+1.0%) limit on the paste content of the
mixtures to improve the shrinkage and cracking performance of the concrete. The actual paste contents of the four IN-
IC-HPC decks ranged from 24.6% to 26.0% by volume. As explained by Barret et al. (2015), this limitation was
applied based on the recommendations by Schmitt and Darwin (1995) as a result of their study of 33 bridge deck
placements in Kansas that showed a clear relationship between paste content and bridge deck cracking. Schmitt and
Darwin (1995) concluded that when volume of the paste exceeded 27%, cracking significantly increases. A 7-day wet
burlap curing regime was used for all Indiana bridges. INDOT removed the requirement for bridge decks to be covered
by a commercial sealant for the internally cured decks.

Table 2—Mixture proportions (SSD/PSD basis)

Cementitious Coarse Fine Fine LWA
. Date . Aggregate Aggregate (PSD)
Bridge ID Placed Peﬁi;et':alsh Ib/yd’ Ib/yd’ Ib/yd®
g (kg/m’) (kg/m?) (kg/m%)
IN-IC 9/24/2010 100% C 1764 (1046) | 528 (313) | 455(270)
IN-Control | 9/23/2010 100% C 1764 (1046) | 1224 (726) -
INAC-HPC. ¢ |_7/19/2013 78% C, 18% S, 1805 (1071) | 795 (472) | 375 (222)
10/18/2013 4% SF 1800 (1068) | 801 (475) | 348 (206)
0 0 B
IN-IC-HPC=2 | 10/1/2013 | 170 Ci(iss/gc FA 1 1726 (1024) | 819 (486) | 334 (198)
0 0 B
IN-IC-HPC-3 | 11/1/2014 | 27 ci(yzo4s/;c FA 1 1758 (1043) | 644 (382) | 446 (265)
INJC-HPCgt | 7142015 76% C, 20% S, 1763 (1046) | 665 (395) | 447 (265)
10/3/2015 4% SF 1768 (1049) | 663 (393) | 448 (266)
UT-IC-1 Snggg 79% C,21% F-FA | 1721 (1021) | 706 (419) | 324 (192)
Spring 0 0
UT-IC-2 Ol 79% C,21% F-FA | 1721 (1021) | 706 (419) | 324 (192)

2 — First row is for placement 1 and the second row is for placement 2.
b_ C = portland cement; S = slag cement; SF = silica fume; C-FA = Class C fly ash; F-FA = Class F fly ash

Documents

Document Sharing Hub

Full document details: ACI SP-336-19


http://www.avadocuments.com/doc/aci-sp-336-19
http://www.avadocuments.com/doc/aci-sp-336-19

SP-336: Cracking and Durability in Sustainable Concretes

Table 2—Mixture proportions (continued)

Cementitious Water Paste
Material Design IC Water Actual IC Water
. Content w/cm Content
Bridge ID Content .
Ratio
Ib/yd? Percent of Binder Percent of Binder
3 3
Ib/yd” (kg/m’) | o imd) by Weight by Weight Percent
IN-IC 657 (390) 256 (152) 7 7.2 0.39 27.6
IN-
Control 657 (390) 256 (152) - - 0.39 27.6
IN-IC- 568 (337) 228 (135) 8 9.1 0.401 24.6
HPC-1* 567 (336) 238 (141) 8 8.5 0.426 25.2
IN-IC-
HPC-2 567 (336) 237 (141) 8 9.2 0.418 253
IN-IC-
HPC3 600 (356) 250 (148) 8 11.6 0.417 25.9
IN-IC- 582 (345) 241 (143) 8 12 0.414 25.7
HPC-4* 585 (348) 246 (146) 8 11.2 0.42 26
UT-IC-1 605 (359) 266 (158) 7 7 0.44 28
UT-IC-2 605 (359) 266 (158) 7 7 0.44 28
* = First row is for placement 1 and the second row is for placement 2.
Table 3—Average plastic properties and compressive strengths
. Slump Air Content 28-day Strength
Bridge ID
in. (mm) (%) psi (MPa)
IN-IC - - 4900 (33.8)
IN-Control - - 4380 (30.2)
4% (120 5.1 7680 (53.0
IN- IC-HPC-1* + (120) (53.0)
5% (145) 5.5 6640 (45.8)
IN-IC-HPC-2 5(125) 6.4 6720 (46.3)
IN-IC-HPC-3 5% (140) 7.0 5500 (37.9)
4% (120 6.2
IN-IC-HPC-4* + (120 6120 (42.2)*
5% (135) 5.5
UT-IC-1 3% (90) 6.4 5710 (39.4)
UT-IC-2 3%4 (85) 6.0 5370 (37.0)

" = First row is for placement 1 and the second row is for placement 2
2 = Data on separate placements not available

For the IC bridge decks in Indiana, the w/cm ratio was permitted to be between 0.39 and 0.42 to achieve high
compressive strength and maintain durability, notably lower than the w/cm ratios used in the LC-HPC bridge decks in
Kansas (0.44 to 0.45). IC water for these bridges was used to eliminate chemical shrinkage, defined as the change in
volume due to the chemical reaction between cement and water (Barret et al. 2015), and autogenous shrinkage, defined
as the change in volume due to self-desiccation, particularly in mixtures with low w/cm ratios (Di Bella et al. 2012,
Barret et al. 2015). For mixtures without SCMs, the amount of IC water was specified to be 7% of the cement weight,
based on work by Bentz and Weiss (2011), which indicated that chemical and autogenous shrinkage of portland
cement can be mitigated by providing 7% internal curing water by weight of cement. For the IN-IC-HPC mixtures,
which had a ternary binder system, the amount of IC water was specified to be 8% of the binder weight. The shrinkage
behavior and rate of hydration for SCMs requires a higher amount of internal curing water to counteract the effects of
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chemical and autogenous shrinkage (Bentz and Weiss 2011). For the Indiana bridges, the 24-hour absorption (based
on dry weight) and the PSD specific gravity of pre-wetted fine LWA, determined before construction, were used to
design and batch the internally cured concrete mixtures. At the batching plant, the LWA stockpile was sprinkled for
at least 48 hours and drained for 12 hours prior to batching. Prior to batching, the absorption, surface moisture, and
specific gravity of the LWA were determined using the centrifuge method developed by Miller et al. (2014). Surface
moisture and specific gravity values obtained before batching were used to adjust the mixture proportions to achieve
a proper yield and w/cm ratio. The amount of fine LWA and subsequent amount of IC water in the mixtures, however,
were adjusted only if the absorption was lower than that of the 24-hour absorption obtained in laboratory testing
(Barrett et al. 2015). The four IN-IC-HPC decks had a total of six placements. The placements were 10.5 to 37.2
months old when the first crack surveys were performed. The IN-IC deck concrete was placed using buckets, but the
IN-Control concrete was pumped. Concrete in the four IN-IC-HPC decks was also pumped. All Indiana decks were
tined shortly after concrete placement.

The internally cured deck toppings in Utah were placed on precast half-deck concrete panels supported by
five precast prestressed single span concrete girders. The topping concrete had a w/cm of 0.44 and a paste content of
28% by volume. This paste content exceeds Kansas LC-HPC concrete. The deck topping concrete incorporated Class
F fly ash (21% by mass) as a partial replacement for portland cement; 16.7% of the total aggregate (by volume) was
replaced with pre-wetted fine LWA with an absorption capacity of 15% and PSD specific gravity of 1.56 to provide
IC water equal to 7% of the weight of binder (Guthrie et al. 2014). The 24-hour absorption of the pre-wetted fine
LWA was used to proportion the aggregates. The LWA stockpile was sprinkled for a minimum of two days prior to
mixing. The absorption was measured periodically, and when an absorption of 15% was achieved, the stockpile was
drained. A curing compound was sprayed on the deck after finishing, followed by a 14-day period of curing under
plastic. The two Utah IC deck toppings were constructed by the same contactor and utilized conventional wooden
formwork. The deck surfaces were tined shortly after placement.

RESULTS

The crack surveys for the Indiana decks were completed between August 8 and 11, 2016. Placement ages
range between 10.5 and 71.6 months. Additional surveys are planned for summer 2018. The two-year survey results
presented for the Utah decks were completed in by 2012 Brigham Young University researchers (Guthrie et al. 2014).
Crack densities for the Indiana and Utah decks ranged from 0 to 0.784 m/m’ and are listed in Table 4. Based on
previous work at KU, surveys should be conducted one and three years after placement and the survey at three years
has proven to be a good predictor of long-term performance (Shrestha et al. 2013 and Pendergrass and Darwin 2014).
Thus, ideally, the surveys conducted on the IC-HPC and Utah decks should be repeated but do serve as a baseline for
future surveys and lend to the conclusions presented in this report.

Table 4—Summary of LWA information and crack densities

Age at Crack
Bridge ID LWA Used IC \Z’?:)eill‘“(i[;i;cent Survey Density
(months) (m/m?)
IN-IC Expanded Shale 7.2 71.6 0.347
IN-Control - - 71.6 0.507
. 9.1 34.7 0
IN-IC-HPC-1 Expanded Shale
8.5 37.2 0.020
IN-IC-HPC-2 Expanded Shale 9.2 34.8 0.003
IN-IC-HPC-3 Expanded Shale 11.6 21.6 0.016
. 12 10.5 0.021
IN-IC-HPC-4 Expanded Shale
11.2 15.6 0.005
UT-IC-1 Expanded Shale 7 24 0.784
UT-IC-2 Expanded Shale 7 24 0.427

* = First row is for placement 1 and the second row is for placement 2.
IN-IC and Control
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IN-IC was surveyed at an age of 71.6 months with a resultant crack density of 0.347 m/m?. Figure 1(a) shows
the crack survey results for IN-IC. The majority of the cracks in this deck are oriented in the longitudinal direction,
with the longest cracks appearing to occur at the prestressed box girder boundaries. The average crack width for this
bridge was 0.006 in. (0.15 mm).

IN-Control was surveyed at an age of 71.6 months. The crack survey results are shown in Fig. 1(b). The crack
density was 0.507 m/m?. Like IN-IC, most of the cracks are oriented in the longitudinal direction, with the longest
cracks occurring at or near the prestressed box girder boundaries. There are more transverse cracks in IN-Control than
IN-IC. The average crack width in this bridge was 0.010 in. (0.25 mm). In some cases, the box girders experienced
differential settlement with respect to each other of as much as 3/8 in. (10 mm). This uneven settlement of adjacent
girders may have contributed to the high number of longitudinal cracks on the deck.

T -~ 403R[123m] —] ™ LS "l
= i }
North | ~~ = ————== X3
| P— -7 e _F
—‘ = masieas - _ 2911 [8.8m] = = s 29 ft [8.8 m]
[—— — | - 5-'(___-
=N SRt
| [«
' A L f
(a) (b)
Fig. 1—Crack survey results for: (a) IN-IC and (b) IN-Control
IN-IC-HPC

The two placements of IN-IC-HPC-1 were surveyed at ages of 34.7 and 37.2 months and have crack densities
of 0 and 0.02 m/m?, respectively. Both placements showed noticeable coarse aggregate pop-outs throughout the deck,
more so on placement 2 than placement 1. Placement 2 showed a few short longitudinal cracks on an end span, close
to the abutment, and a few longer transverse cracks over the pier between the other two spans. The average crack
width was 0.006 in. (0.15 mm). The deck surface showed moderate scaling damage near the north end. Minor freeze-
thaw damage was observed on both placements. Figure 2, although showing IN-IC-HPC-2, is representative of this
damage.

IN-IC-HPC-2 was surveyed at an age of 34.8 months. The crack density was 0.003 m/n?. There was only
one short longitudinal crack on the deck, with a width of 0.006 in. (0.15 mm). As shown in Fig. 2, there were some
coarse aggregate pop-outs and deterioration on the walls of tined surface grooves that may have been caused by a
combination of freeze-thaw damage and poor tining.
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Fig. 2—Freeze-thaw damage and aggregate pop-outs on IN-IC-HPC-2

IN-IC-HPC-3 was surveyed at 21.6 months. The overall crack density was found to be 0.016 m/m?. The
highest concentration of cracking on this deck was observed on one of the end spans. Most of the cracks were short,
longitudinal, and narrow, located at the two abutments. The average crack width of all cracks recorded was 0.006 in.
(0.15 mm). There were no transverse cracks, even over the piers. The surface of the deck did not show any indication
of freeze-thaw damage or aggregate pop-outs. With the deck being relatively young, little cracking was expected.

The two placements of IN-IC-HPC-4 were surveyed at ages of 10.5 and 15.6 months, respectively, and have
the lowest ages of the decks in this study. The crack densities for placements 1 and 2 were 0.021 and 0.005 m/n?,
respectively, as shown in Fig. 3. Span 1 of placement 1 had some plastic shrinkage cracking close to the abutment and
there were some short longitudinal cracks on span 2 for both placements; the cracks in placement 2 were closer to the
abutment. No transverse cracks were observed, even over the piers. The average crack width was 0.006 in. (0.15 mm)
for this bridge. The cracks located in span 1 were significantly wider (average width of 0.014 in. [0.36 mm]) than
those located in span 2 (average width of 0.004 in. [0.10 mm)]). Similar to the defects shown in Fig. 2, freeze-thaw
damage and poor surface finishing (poor tining/grooving) were observed on the surface of the deck; more so on
placement 1 than placement 2. No aggregate pop-outs were observed.
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Fig. 3—IN-IC-HPC-4 crack survey result

UT-IC

UT-IC-1 and UT-IC-2 were surveyed by a Brigham Young University research team at the ages of 2, 5, 8,
12, and 24 months (Guthrie et al. 2014). According to the most recent surveys, the crack densities for UT-IC-1 and
UT-IC-2 were found to be 0.784 and 0.427 m/m?, respectively at 24 months. For UT-IC-1, longitudinal, transverse,
and map cracks were spread along the driving lanes of the deck with less cracking observed along the shoulders. Short
longitudinal cracks formed adjacent to the left abutment across the entire width of the deck. For UT-IC-2, most of the
cracks were transverse, with longitudinal cracks adjacent to the abutments. UT-IC-2 had less map cracking compared
to UT-IC-1. The majority of transverse and longitudinal cracks were at the pre-cast half deck panel joints in both
decks. For both decks, the crack width ranged from 0.008 to 0.050 in. (0.20 to 1.27 mm); the majority of cracks had
widths ranging from 0.01 to 0.02 in. (0.25 to 0.51 mm).

Internal Curing with Pre-Wetted Fine LWA

To study the effectiveness of internal curing in reducing cracking in bridge decks, the crack densities of the
five Indiana IC bridge decks and two Utah IC deck toppings are compared with Kansas control and LC-HPC decks
and the control deck in Indiana. Information on the seven IC decks is summarized in Table 4. Data is plotted for
individual placements when more than one placement was used, which is the case for IN-IC-HPC-1 and IN-IC-HPC-
4. As shown in Fig. 4, the IN-IC-HPC decks exhibited significantly less cracking than the IN-IC and UT-IC deck
toppings. Because these bridges have different ages, different mixture types, varying amounts of IC water, and
different superstructure (steel girders, prestressed box beams, and prestressed girders) and deck (monolithic or topping
over precast panels) types, it is difficult to make a fair comparison and explain why there are differences, significant
in some cases, in crack densities between these decks. However, it appears that having a low paste content is a
dominant factor in reducing the occurrence of cracking. The reduction in shrinkage when using SCMs combined with
internal curing has been shown previously (De la Varga et al. 2012, Pendergrass and Darwin 2014). A greater amount
of IC water and inclusion of a ternary binder system in IN-IC-HPC decks may have also contributed to low crack
densities, but these decks were all placed at close to or less than three years at the time of the most recent survey.
Although the UT-IC deck toppings are fundamentally different in terms of structure type from the Indiana decks,
previous work at KU that included deck toppings with an SCM and low paste content (below 25%) placed on top of
precast deck panels exhibited low crack densities (at or below 0.10 m/m?) through more than 40 months after
construction (Shrestha et al. 2013). Additional surveys at later dates are needed to monitor cracking and durability
issues and establish a better estimate of long-term behavior.
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Fig. 4— Crack densities of Indiana and Utah IC bridge decks and Indiana control deck vs. deck age.
*P1 and P2 denotes the first and second placement of the bridge, respectively.

Figure 5 compares the crack densities of the IC decks in Indiana and IC deck toppings in Utah with the crack
densities of the control decks in Kansas (denoted as KS-Control) as a function of age. As shown in Fig. 5, the six IN-
IC-HPC placements (IN-IC-HPC-1 through IN-IC-HPC-4) exhibited lower crack densities than Kansas control decks
at similar ages. The IN-IC deck, performing better than the IN-Control deck at the same age, falls within the spread
of Kansas control deck data. The internally cured Utah deck toppings (UT-IC-1 and UT-IC-2), despite their relatively
young ages, exhibited the highest cracking density among all IC decks in this study. The crack density of UT-IC-1
was higher at 24 months than all but one of the Kansas control decks. The crack density for UT-IC-2 s also greater
than most Kansas control decks surveyed at a similar age.
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Fig. 5—Crack densities of Kansas control decks and IC decks vs. deck age

Figure 6 compares the crack densities as a function of age for the IC decks in Indiana and IC deck toppings
in Utah against LC-HPC decks in Kansas. As shown in the figure, the IN-IC-HPC decks had lower crack densities
than most of the LC-HPC decks at similar ages. IN-IC and IN-Control exhibited greater crack densities than most LC-
HPC decks; at 24 months, the Utah IC deck toppings had higher crack densities than all LC-HPC decks at similar
ages. It appears that internal curing and SCMs contributed greatly to reducing the cracking of IN-IC-HPC bridges.
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Internal curing and SCMs or internal curing alone, however, provided no advantage for the Utah IC deck toppings
(UT-IC-1 and UT-IC-2) or the Indiana IC deck (IN-IC), which had paste contents above 27% by volume and, thus,
greater than both the IN-IC-HPC and LC-HPC decks.
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Fig. 6—Crack densities of LC-HPC decks and IC decks vs. deck age

Figure 7 shows the crack density on bridge decks in this study as a function of paste content. Aggregate has
a high stiffness, making it dimensionally stable, regardless of moisture loss. Paste in the constituent of concrete that
undergoes shrinkage. Studies conducted by University of Kansas dating back to over twenty years ago (Schmitt and
Darwin 1995; Miller and Darwin 2000; Lindquist et al. 2008) have shown that increased paste content, independent
of other factors, leads to increased cracking in bridge decks. Paste contents less than 27% by volume consistently
result in reduced cracking. Figure 7 clearly supports this finding. The Utah deck toppings, with paste contents of 28%,
and the IN-Control and IN-IC decks, with paste contents of 27.6%, exhibited significantly greater cracking than the
IN-IC-HPC decks, with paste contents lower than 26%. Both Utah deck toppings and the IN-Control and IN-IC decks
also had higher crack densities than almost all Kansas LC-HPC decks, and most Kansas control decks at similar survey
ages. The internally cured Utah deck toppings had the highest cracking densities in spite of having the required amount
of IC water and being supported by prestressed concrete girders, which are also believed to be more helpful in
improving cracking performance of the deck than steel girders (Durability 1970). These findings demonstrate that a
high paste volume can significantly increase bridge deck cracking, even when a crack reduction technology is used.
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Fig. 7—Crack densities of Indiana and Utah IC bridge decks and Indiana control deck vs. paste content

Figure 8 shows the crack density of bridge decks in this study as a function of 28-day compressive strength.
Schmitt and Darwin (1995), Miller and Darwin (2008), and Lindquist et al. (2008), in addition to showing the benefits
of decreased paste content, also showed the benefits of having decks constructed with lower-strength concrete. As
concrete compressive strength increases, creep decreases. Creep reduces stresses caused by restrained shrinkage and,
thus, reduces the potential for cracking. As shown in Fig. 8, the IN-IC and IN-Control decks have 28-day compressive
strengths of 4900 and 4380 psi (33.8 and 30.2 MPa), respectively, which are within the recommended range in the
LC-HPC specifications, exhibited crack density values of 0.347 and 0.507 m/m?, respectively — greater than all IN-
IC-HPC decks and also greater than most of LC-HPC decks at a similar age. It appears that the higher paste contents
of IN-IC, IN-Control and UT-IC deck toppings were more influential in increasing cracking than their lower
compressive strengths in reducing cracking. However, it must be mentioned that two oldest IN-IC-HPC decks (37.2
month old IN-IC-HPC-1 and 34.8 month old IN-IC-HPC-2) exhibited the lowest crack densities among all IC decks
and better than almost all LC-HPC decks despite having the highest 28-day compressive strength (6640 and 6720 psi
[45.8 and 46.3 MPa], respectively) among the decks investigated in this study. Recent studies have suggested that the
use of internal curing and one SCM, fly ash, reduce the modulus of elasticity and increase creep (De la Varga et al.
2012). Menkulasi et al. (2010) showed that IC mixtures exhibited lower shrinkage and higher creep coefficients than
mixtures that did not contain any lightweight aggregate.
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Fig. 8—Crack density vs. 28-day compressive strength of concrete for Indiana and Utah IC and Indiana control
bridge decks

Figure 9 compares the crack density for Utah and Indiana IC bridge decks with the actual amount of IC water.
The amount of IC water is also listed in Tables 2 and 4. The results indicate that decks that had more than 8% IC water
by weight of binder exhibited lower cracking. Pendergrass and Darwin (2014) showed that mixtures containing pre-
wetted LWA, slag, and silica fume exhibit a reduction in both early-age (0 to 90 days) and long-term (90 to 360 days)
drying shrinkage. They concluded that drying shrinkage was reduced as slag was added in conjunction with
lightweight aggregate. An additional reduction in shrinkage was observed as silica fume was added in conjunction
with the lightweight aggregate and slag. A possible explanation for the lower crack densities in the IN-IC-HPC decks
is that in addition to including SCMs, providing more IC water than required for eliminating chemical and autogenous
shrinkage can also help reduce drying shrinkage.

The effectiveness of internal curing in reducing drying and autogenous shrinkage of concrete has been shown
by many researchers (for example Henkensiefken et al. 2009; Browning et al. 2011). When used in bridge decks, pre-
wetted LWA can potentially reduce cracking caused by restrained shrinkage. One area of concern for internally cured
bridge decks is with freeze-thaw durability. For concrete with excess IC water, trapped water can remain in the pores
ofthe LWA (Jones et al. 2014). Depending on the degree of saturation, on freezing, this water can cause local failures,
such as scaling damage and pop-outs, or general freeze-thaw damage (Powers 1975). For concrete placed later in the
construction season and prone to freezing prior to the system drying out, excess IC water would tend to compromise
durability. The freeze-thaw performance of IC concrete has also been shown to depend on the type and proportions of
the fine LWA used (Jones et al. 2014). Scaling resistance of concrete, including internally cured mixtures, depends
heavily on finishing procedures. For the noted freeze-thaw and scaling damage on the affected IN-IC-HPC decks, it
is possible that specifying a longer curing time would have helped mitigate these issues. Providing additional curing
time for concrete mixtures with SCMs has also been shown to be beneficial in increasing strength and reducing
shrinkage (Tazawa et al. 1989). Based on results described by Jones et al. (2014), scaling resistance does not appear
to be negatively affected by providing internal curing to concrete mixtures. Future surveys of the IN-IC-HPC decks
are needed to evaluate long-term durability of concrete with excess IC water. Ongoing research at KU will examine
the effects of varying the amount of IC water on shrinkage and durability for a series of concrete mixtures.
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Fig. 9—Crack density vs. actual IC water for Indiana and Utah IC bridge decks

SUMMARY AND CONCLUSIONS

To determine the effect of IC and SCMs on bridge deck cracking, crack surveys were performed on six decks
in Indiana; crack surveys by BYU researchers of two Utah bridges with deck toppings (UT-IC) were also used for
comparison. Five of the decks in Indiana had internally cured concrete obtained by replacing a portion of aggregate
with pre-wetted fine LWA. One deck, IN-Control, was constructed with plain concrete (no LWA) and is used as a
control. Four of the decks surveyed in Indiana are supported by steel girders and two are supported by prestressed
concrete box beams. The four decks supported by steel girders had a ternary concrete mixture containing SCMs, slag
or Class C fly ash, with silica fume and internal curing (IN-IC-HPC). The two decks supported by prestressed box
beams contained 100% portland cement mixtures, including IN-Control and one with internally cured concrete (IN-
IC). The two internally cured deck toppings in Utah that were surveyed by BYU are both supported by prestressed
concrete girders and precast deck panels. The internally cured decks are compared for cracking performance with low-
cracking high-performance (LC-HPC) and control bridge decks in Kansas.

These surveys will serve as a baseline for future surveys and provide the data for some conclusions
concerning the early performance of the decks. Future surveys will aid in making additional conclusions on the long-
term performance of bridge decks that utilize SCMs and/or IC.

The following conclusions can be drawn from the surveys as well as previous studies:

1. The IN-IC-HPC bridge decks are exhibiting less cracking than the IN-IC and IN-Control decks, the UT-IC
toppings, and the Kansas LC-HPC and control decks within the first three years after placement.

2. The Kansas LC-HPC decks exhibit less cracking than the IN-IC and IN-Control decks and the UT-IC deck
toppings.

3. Paste content appears to be the dominant factor affecting cracking, with the IN-IC-HPC and LC-HPC decks,
with paste contents of 26% or less performing significantly better than the IC decks with paste contents
greater than 27% by volume. Even when including IC and an SCM in the UT-IC deck toppings, the high
paste content led to more cracking than most of the Kansas control decks.

4. Further research is needed to establish the long-term cracking and durability performance of concrete bridge
decks that incorporate internal curing or internal curing and SCMs.
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Zeolite Based Concrete- Durable Solution for Nation’s Infrastructure

Nidhi M Modha and Pratanu Ghosh

Abstract: In this research, a natural pozzolanic cementitious material known as zeolite is being utilized to
investigate the performance of High-Performance Concrete (HPC). Several binary (cement+zeolite) and ternary
(cement+zeolitet+other supplementary cementitious material) based concrete mixtures including a control
mixture of Ordinary Portland Cement (OPC) with water - cementitious (w/cm) ratios of 0.40 and 0.44 are cast
by replacing cement with different percentage level of zeolite material. The purpose of this study is to
investigate effectiveness of zeolite material by means of long term compressive strength (7 to 91 days), tensile
strength, modulus of elasticity and corrosion resistance in several concrete mixtures from 7 to 28 days. The
compressometer is utilized for the measurement of the modulus of elasticity and Universal Testing Machine
(UTM) is utilized to measure the compressive and tensile strength of concrete. In addition, a 4-point Wenner
Probe resistivity meter is tested to determine the surface electrical resistivity of concrete, which provides an
indirect indication of permeability and in turn, chloride induced corrosion durability in reinforced concrete
structures. Overall, zeolite based concrete mixtures with 0.40 w/cm ratio and % inch aggregate size provide
promising results in terms of compressive strength, tensile strength and remarkable improvement on corrosion
resistance in terms of achievement of surface resistivity data.
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INTRODUCTION

The most widely used material in the construction around the world is concrete, due to its durability and
mechanical properties, ability to form into various shapes and sizes, and its low cost. However, depending on
the severely of the environmental effects on the concrete structures, the embedded reinforcement in the concrete
can be susceptible to corroded and structures can be damaged before reaching its expected service life [1].
Initially, moisture and chloride ions can penetrate the concrete and start attacking the passive layers of the
hydrated iron oxide which protects the reinforced concrete against corrosion [2]. Due to the chemical oxidation
reaction, the metallic iron starts turning into the rust and the volume of the corrosion byproduct increases. As a
result, this increase in the volume exerts tensile stresses into the concrete and can cause cracks and delaminates.
If this process is allowed to continue, the load capacity of the structure will eventually be compromised. [1-2].

To overcome this challenge, it has become very important to develop High-Performance Concrete (HPC). HPC
generally increases the durability of reinforced concrete against the chloride-induced corrosion and can extend
the service life along with better long-term compressive and tensile strength. Hence, a natural cementitious
material known as zeolite is being used to enhancing the performance of HPC. Natural zeolite, a crystalline
hydrated alumino-silicate processed (volcanic ash) mineral, is a highly effective pozzolan due to natural
occurrence of aluminum silicate [3]. Natural zeolite is widely used as a cementitious material since it prevents
the expansion of concrete in alkali silica reaction and enhances the performance of HPC [4].

Different binary and ternary based HPC mixtures using supplementary cementitious material such as ground
granulated blast furnace slag (GGBFS or slag cement), silica fume, Class F and C fly ash, pumice, and
metakaolin with OPC are often made. The main natural pozzolan that being investigated for this study is zeolite.
In this study, the use of natural zeolite in HPC as supplementary cementitious material is being investigated for
corrosion resistance and strength. Electrical resistivity testing is performed under the durability investigation
against the chloride induced corrosion in concrete structures.

Chan et al (1999) conducted a study on replacement of cement with zeolite, Fly ash (FA), and silica fume at
levels from 5% to 30% to increase the compressive strength of concrete. As w/cm ratio increased to 0.45 the
compressive strength was lower than the control mixture [5]. Tanijaya et al. (2008) studied the modulus of
elasticity, compressive and tensile strength for zeolite based mixtures and concluded that increasing natural
zeolites content, the mechanical properties, namely modulus of elasticity, compressive and tensile strength, are
decreasing over time [6].

The primary cementitious material in concrete is portland cement, but this constituent releases more than 6% of
total carbon dioxide (CO,) into the environment during manufacturing [7]. Consequently, replacing the amount
of cement in concrete mixtures with natural pozzolanic material is found to be an effective solution to reduce
carbon dioxide (CO») emission and promotes sustainability. Valipour et al (2014) completed a study on
environmental effect of zeolite based concrete and ordinary Portland cement (OPC) concrete. Based on this
study, it was concluded that replacing 10%, 20% and 30% of cement with zeolite will reduce the potential of
CO; emission by 60.3%, 69.7% and 64.3%, respectively, and that zeolite is an environmental friendly
cementitious material [8].
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EXPERIMENTAL METHOD

Different types of binary and ternary-based zeolite mixtures including the OPC mixture with w/cm ratios of 0.44
and 0.40 are prepared to investigate chloride induced corrosion resistance and engineering properties of
concrete. These ranges of w/cm ratio are typical for reinforced concrete bridge decks and pavements. In
addition, feasible w/cm ratio will ensure higher strength and less voids in concrete. Concrete with w/cm ratios
higher than 0.5 generally result in lower compressive strength and a more permeable pore structure, which can
lead to poor durability. All mixtures contain 564 Ib/yd? (334 kg/m?) of cementitious materials with Coarse
Aggregate Factor (CAF) of 0.67. Two different maximum size aggregates (MSAs) for the coarse aggregate are
utilized and they are % in. (19 mm) and %2 in. (12.5 mm). River sand is used as the fine aggregate meeting
ASTM (33 standard. All cementitious materials are replaced by mass. Different tests are performed on each
concrete mixture using the following materials. Table 1 shows all concrete mixtures composition.

o Type II-V Portland cement (TII-V) in California due to high sulfate attack problem
Supplementary cementitious materials (SCMs):
Zeolite
Ground granulated blast furnace slag of Grade 120 & 100 (G120S and G100S)
Class C Fly Ash (C)
Class F Fly Ash (F)
Silica Fume (SF)
Metakaolin (M)
Pumice (P)
Water reducing and air entraining admixtures (target air-content 4%-5%) satisfying ASTM
C494 specifications.
Cylinders consisting of 4 in. (100 mm) diameter by 8 in. (200 mm) long, are cast in accordance with the ASTM
C192 practice and are demolded after 24 hours and cured in a saturated lime water tank. Target compressive
strength is 4000 psi (27 MPa) at 28 days as recommended by most Department of Transportations (DOTs).

O O OO OO O0OO0o0OOo

Research Significance
The research presented in this study focuses on identifying the effectiveness of zeolite material in binary and

ternary based HPC mixtures including the control OPC mixture with variation of w/cm ratio and different
aggregate sizes. The emphasis of the paper is to investigate surface electrical resistivity and various important
mechanical properties, namely compressive strength, tensile strength and modulus of elasticity in short term
period. In order to maintain structural integrity and longevity over intended service life of a structure, reinforced
concrete structures must meet both strength and durability requirements. For this reason, the other purpose of
this study is to identify mixture proportions including zeolite based cementitious mixtures that results in high
compressive strength and durability against chloride induced corrosion.

Mechanical Properties Testing
Modulus of elasticity is related to stiffness and strength of concrete and it is widely used in the design of

reinforced concrete structures. In this study, the compressometer is utilized for the measurement of the modulus
of elasticity indirectly by evaluating concrete sample deformation and strain as per ASTM C469 standard
Figure 1 shows picture of modulus of elasticity testing. Then, the experimental modulus of elasticity is
compared with theoretically one. The theoretical modulus of elasticity was computed utilizing the following
formula:

E. =57,000,/f, (Equation 1)

A Universal Testing Machine (UTM) is used for testing the compressive and tensile strength of the concrete
cylinders in accordance with the ASTM C39 and ASTM C496 standards. Cylinders are placed in a UTM
(Figure 2) using a rubber capping and continuous load was applied until it breaks. For tensile strength, cylinder
is placed in horizontal direction, as shown in Figure 2, with wooden strips to hold it in place and monotonic
compressive load is applied. Data is digitally recorded and stored in table and graphs. The maximum split
tensile strength of each sample is obtained using the following formula:
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2p .
(H*D*l) (Equation 2)
where P = Maximum applied load indicated by the testing machine (Ib or N), D = Diameter (in. or mm), L =
Length (in. or mm).

For compressive strength, tensile strength and modulus of elasticity measurement, two specimens are tested at
each designated age and average values are computed for analysis purposes.

4-Point Wenner Probe for Surface Electrical Resistivity

This device measures the surface electrical resistivity of cylindrical concrete specimens following FDOT (FM5-
578) method. Figure 3 illustrates the Wenner Probe meter and the calibration procedure before the testing. This
instrument measures the surface resistivity when the probes are placed properly on the surface of the cylindrical
samples. Before starting surface resistivity test, the cylinder samples are taken out from the lime water tank and
dried using paper towels. The cylinders are then tested at surface saturated dry (SSD) condition except the
edges, which are in a dry condition. Two readings are taken around the perimeter of the cylinder at 0, 90, 180
and 270 degrees. Three cylinders are tested each day and average values are presented in the results section.

RESULTS/DISCUSSIONS
Modulus of Elasticity:
Figures 4 through 7 compare the theoretical values to experimental values of modulus of elasticity for 0.44 and
0.40 w/cm ratio and % in. and % in. (12.5 mm and 19 mm) aggregate size at 28 days. It is evident from the
graphs that zeolite based ternary and binary mixtures are performing better than the OPC mixture. Especially,
75TII-V/25Z and 85TII-V/ 15Z mix designs are the optimum mixtures which can be implemented in the future
concrete mixture design since their values are higher compared to other zeolite based mixtures. From Figure 7,
it can be observed that ternary mixtures namely 60TII-V/20Z/20P, 60TII-V/20Z/20F, and 50TII-/15Z/35G100S
with w/cm ratio 0.40 and % in aggregate size have a higher modulus of elasticity compared to the other zeolite
based ternary mixtures.

Compressive Strength:

Figures 8 through 11 summarize the compressive strength of the zeolite based mixtures and the results show
that the mixtures with 0.40 w/cm and with % in aggregate size achieved higher compressive strength from 7 to
91 days. In addition, most ternary mixtures with w/cm of 0.40 have higher compressive strength compared to
the control mixture. As per Figure 11, compressive strength of concrete sample with 0.40 w/cm and % in.
(19mm) aggregate was tested to have higher compressive strength and it satisfied the recommended strength
requirement of 4000 psi (27 MPa) at 28 days suggested by most Department of Transportations (DOTs), with
the exception 10% zeolite replacement in OPC. Based on Figures 8 through 11, it is noticeable that mixtures
with partial replacements of Portland cement with zeolite material also indicated this well-established trend that
lowering the w/cm ratio and increasing the aggregate size resulted in higher compressive strengths. It is to be
noted the dashed red line in Figures 8-11 indicates the suggested minimum compressive strength requirement
set by most Department of Transportations (DOT).

Tensile Strength:

Figures 12 through 15 show the comparison of tensile strength test results for zeolite based mixtures at 7 and 28
days. Per Figure 14, binary mixtures like 80TII-V/20Z and 75TII-V/25Z with 0.40 w/cm and % in. (19mm)
aggregate size have higher tensile strengths at 7 and 28 days compared to other mixtures. Based on the Figure
15, for ternary based zeolite mixtures 75TII-V/20Z/5SF and 55TII-V/10Z/35G120S attained higher tensile
strengths at 7 days and 70TII-V/20Z/10M and 55TII-V/10Z/35G100S at 28 days. Zeolite based concrete
mixtures with 0.40 w/cm ratio performed better than mixtures with 0.44 w/cm ratio in terms of tensile strength
measurement. Further, ternary based zeolite mixtures had considerable higher tensile strength at 0.40 w/cm
ratio. In general, 30% replacement of zeolite in binary mixtures performed worse in tensile strength
development. It can be reasonably concluded zeolite performs better up to 20-25% replacement in binary
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mixtures. In addition, increasing the coarse aggregate size has great impact on the tensile strength of the
concrete.

Electrical Surface Resistivity Data:

Figures16-19 show the frequency distribution of surface electrical resistivity of OPC, zeolite based binary and
ternary mixtures with two different w/cm ratio (0.40 and 0.44) and two different aggregate sizes (‘2 and % in.)
at 28 days. For each mixture, 24 data points from 3 cylinders (3x8=24) were collected for surface resistivity
measurement and it was included in frequency distribution graph. Based on Figures 16 through 19 and the
Florida Department of Transportation (FDOT) FMS- 578 specification of surface electrical resistivity, it should
be noted that the majority of the concrete mixtures fall in-between moderate to low chloride ion permeability
classifications as shown in Table 2. Table 2 depicts the relationship between surface resistivity data and
chloride ion permeability class in accordance with FDOT specification. In addition, zeolite based binary and
ternary mixtures obtained significantly higher electrical resistivity compared to OPC mixture. Further, as
expected, zeolite based ternary mixtures obtained higher surface electrical resistivity compared to binary
mixtures except the ternary cementitious mixture which is blended with zeolite and Class C Fly Ash (55TII-
V/20Z/25C). In particular, the mixtures with 0.40 -w/cm ratio and 1/2 in aggregate size showed remarkable
improvement in terms of electrical resistivity data and they mostly range in between low to very low
permeability class. Figure 19-part 2 shows overall distribution of SR data for all zeolite based ternary mixtures
instead of single ternary mixture due to limitation of page limit of the manuscript. These mixtures are promising
indicators for potential future implementation future reinforced concrete bridges and pavements.

CONCLUSION
This comprehensive study shows that High Performance Concrete (HPC) mixtures with zeolite, enhances the
chloride ion resistance against corrosion by significant achievement of the surface electrical resistivity by 28
days. Further, mechanical properties of zeolite based concrete has been remarkably improved in terms of
modulus of elasticity, compressive and tensile strength compared to the OPC mixture. In addition, zeolite based
concrete mixtures with water to total cementitious materials (w/cm) ratios of 0.40 and %2 in (12.5mm) and % in
(19mm) aggregates yield promising results in terms of surface electrical resistivity, modulus of elasticity,
compressive and tensile strength. Based on the experimental results, it can be reasonably concluded that zeolite
as a supplementary cementitious material is highly sensitive to high w/cm ratios. In summary, this study will
help to understand the effectiveness and proper replacement level of zeolite material in various binary and
ternary mixtures for future implementation in concrete bridges and pavements.
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Table 1- Concrete Mixtures Composition

Silica Class | Class
. Zeolite Metakaolin | Pumice | FFly | CFly | Slag 120
Mix ID Cement (TII-V) @) lzgrlf})e (M) (P) Ash Ash (G120S)
(F) ©)
100TII-V 100
90TII-V/10Z 90 10
85TII-V/15Z 85 15
80TII-V/20Z 80 20
75TI-V/25Z 75 25
70TII-V/30Z 70 30
70TII-
V/20Z/10SF 70 20 10
70TII-V/20Z/10M 70 20 10
60TII-V/20Z/20F 60 20 20
55TII-V/20Z/25C 55 20 25
55TII-V/20Z/25P 55 20 25
75TII-
V/15Z/10SF 75 15 10
55TII-
V/10Z/G1208 33 10 33

Table 2- Surface Resistivity — Permeability Class from FDOT [9]

Chloride Ion Surface Resistivity data
Permeability kQ—cm

High <12
Moderate 12 -21
Low 21-37
Very Low 37-254
Negligible > 254

[1cm=0.3937 in]
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Figure 1 — Measurement of Modulus of Elasticity

Figure 3- Measurement of Surface Electrical Resistivity by 4-Point Wenner Probe
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Modulus of Elasticity:

Comparison of Modulus of Elasticity at 28 Days for Binary
Mixtures (0.44 & 1/2 in)
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(a)
Comparison of Modulus of Elasticity at 28 Days for Binary
Mixtures (0.40 & 1/2 in)
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A Theoretical (psi) E Experimental (psi)

Modulus of Elasticity
(b)

Figure 4- Comparison of experimental to theoretical modulus of elasticity for binary mixtures for 'z in
aggregate with (a) 0.44 and (b) 0.40 w/cm ratio
[1 psi=0.0068 MPa]
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Comparison of Modulus of Elasticity at 28 Days for
Ternary Mixtures (0.44 & 1/2 in)
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Comparison of Modulus of Elasticity at 28 Days for
Ternary Mixtures (0.40 & 1/2 in)
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Figure 5- Comparison of experimental to theoretical modulus of elasticity for ternary mixtures of % in
aggregate with (a) 0.44 and (b) 0.40 w/cm ratio
[1 psi=0.0068 MPa]
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Comparison of Modulus of Elasticity at 28 Days for
Binary Mixtures (0.44 & 3/4 in)

70TI-V-30Z
75TII-V/25Z
80TII-V/20Z

85TII-V/15Z

90TII-V/10Z

Binary Mix Designs

100TII-V

0.0E+00 2.0E+06 4.0E+06 6.0E+06 8.0E+06 1.0E+07
B Theoretical (psi) Experimental (psi)
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Comparison of Modulus of Elasticity at 28 Days for
Binary Mixtures (0.40 & 3/4 in)
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Figure 6-Comparison of experimental to theoretical modulus of elasticity for % inch aggregate size binary
mixtures with (a) 0.44 and (b) 0.40 w/cm ratio
[1 psi=0.0068 MPa]
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Comparison of Modulus of Elasticity at 28 Days for
Ternary Mixtures (0.40 & 3/4 in)
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60TII-V/20Z/20F
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Ternary Mix Designs
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Figure 7- Comparison of experimental to theoretical modulus of elasticity for ternary mixtures with % in

aggregate
[1 psi = 0.0068 MPa]

Compressive Strength:

Compressive Strength of Binary Mixtures (W/C 0.44)

8000 r

7000 - 7 Days
7 6000 ¢ = 28 Days
=
=1 5000
g 56 Days
% 4000
2
z 3000 EE== 91 Days
(o]
g« 2000
3 - - --Most DOTs

1000 Limits (28

0 Days)
Binary Mix Designs
(a)
Documents
31 Document Sharing Hub

Full document details: ACI SP-336-19


http://www.avadocuments.com/doc/aci-sp-336-19
http://www.avadocuments.com/doc/aci-sp-336-19

SP-336: Cracking and Durability in Sustainable Concretes

Compressive Strength of Ternary Mixtures (W/C 0.44)
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Figure 8- Compressive strength of (a) binary and (b) ternary mixtures with % in. aggregate size (0.44 w/cm

ratio)
[1 psi=0.0068 MPa]
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