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FOREWORD

This report documents the investigation of ermeability as an indicator of the general
durability of hydrauhc cement concrete.|Since many detérioration mechanisms for
concrete depend on ingress of moisture and other materials into the concrete, it was.
theorized that permeability might be a gt:_ indicator of durability potential. During the
investigation, it was determined that sorptivity is a more relevant characteristic of the |
concrete, and a test method was developed to measure sorptivity in several ways, in Qfder
to simulate field exposure Once the congrete sorp'tivity was selected as influencing
durability, models were developed to predi¢t the service life of concrete when exposex
external sulfate attack or a freeze-thaw environment. These models were packaged.in a
trial version software package called CONCLIFE.

This report will be of interest to those inyolved in concrete durablhty, as well as those
involved in the design, construction, and alys1s of concrete pavements. Sufﬁcxent :
copies are being distributed to provide five pres to each FHWA Reésource Centelr, two
copies to each FHWA Dmsmn, and two| co tes to each State hxghway agency. Direct
distribution is being made to the FHWA Division Oﬁ‘ices. Additional copies may be
purchased from the National Technical Information Servwe (NT IS) 5285 Pert Royal
Road, Springfield, Virginia 22161.

e earch and Development

NOTICE

This document.is disseminated under the| sponsorship of the Department of

Transportatlon in the interest of informati on exchange. The United States Govemmeﬂt
assumes no liability for its contents or use thereof. This report does not constitute a
standard, specification, or regulation. | -

manufacturer’s names appear m this rep rt only because they are cons1dered essential to

The United States Government does not Crm%orse products or manufacturers. Trade and
the object of the document.
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CHAPTER 1. INTRODUCTION
PROJECT OVERVIEW

The durability of concrete continues to be a topic of worldwide concern. Despite improvements
in materials and methods, many concrete structures still fail prematurely, leading to costly and
time-consuming repairs. As shown in figure 1, concrete degradation is a complex topic requiring
a fundamental understanding of the exposure environment, the concrete’s mechanical and
transport properties, and chemical interactions between the concrete and its environment. For
most degradation mechanisms, the interaction between the top surface layer of the concrete and
its immediate environment is critical to performance."”® With this in mind, in 1998, the Federal
Highway Administration (FHWA) funded a 3-year research project to be conducted in the
Building and Fire Research Laboratory (BFRL) at the National Institute of Standards and
Technology (NIST) to quantitatively examine the relationships between the transport properties
of the concrete surface layer and its durability during field exposure. The initial objective of the
project was three-fold: (1) to determine if relationships between service life, considering major
degradation processes, and transport properties can be established; (2) if such relationships can
be established, to determine if current tests for measuring transport properties can be used to
establish the relationships; and (3) if current tests can meet the need, to develop guidelines for
selecting, using, and interpreting the results of recommended tests. Because of ongoing FHWA-
funded research efforts concerning the influence of concrete diffusivity on service life at other
institutions, the NIST research was limited to transport mechanisms other than diffusion and
degradation mechanisms other than rebar corrosion.

SERVICE LIFE OF CONCRETE STRUCTURES

ENVIRONMENT
:}t;lpetature w

carbon dioxide P DEGRADATION —_— SERVICE LIFE
o /
MICROSTRUCTURE
/

Transport ChemistryMechanical

Pores Solids
Percolation, cross-sections

Figure 1. Relationships between the environment and concrete microstructure and properties in
determining service life.



Although permeability was originally considered as the primary transport property of relevance
for highway concretes, following an extensive review of the existing literature,” it was
determined that (after diffusion) the most likely mode for transport of water and deleterious ions
into a field concrete is via sorption by the partially saturated concrete. Concrete sorptivity is
defined as the rate (per unit area) at which water is imbibed by a partially saturated concrete.
Because the sorption properties of concrete depend critically on its saturation state, in-situ
evaluation of concrete sorptivity was rejected due to the highly variable saturation state of field
concrete, the difficulties of pre-conditioning concrete to a known saturation state in the field, and
the added variability of field temperature and relative humidity conditions. Upon selecting a
laboratory-based evaluation of concrete cores obtained from the field, the first step was to
develop a pre-conditioning methodology that produces concrete cores with a consistent, uniform,
and known internal relative humidity (RH) that is typical of field conditions. Using concrete
cores provided by the Maryland, Missouri, Rhode Island, and Virginia State Departments of
Transportation (DOT), appropriate laboratory pre-conditioning procedures were developed to
produce concrete specimens with a uniform internal RH near 50 percent, within a reasonable
period of time. Because no standard test method, neither the American Society for Testing and
Materials (ASTM) nor the American Association of State Highway and Transportation Officials
(AASHTO), currently exists for evaluating concrete sorptivity in the laboratory, a previously
submitted draft ASTM standard for sorptivity testing was revised and championed back into the
ASTM committee C09 standardization process (see Appendix A for a generic version of this
testing procedure). The revised standard is currently under balloting for the second time and will
ultimately be published as an ASTM C09 standard. The standard considers sorption both in the
case where the bottom surface of the concrete is in contact with the solution and in the case
where water is “ponded” on the concrete surface.

Once sorption was identified as the primary transport mechanism, computer models comprising
the CONCLIFE software were developed to relate sorption to degradative spalling for the cases
of sulfate attack and freeze-thaw deterioration. In the former case, sorption is responsible for the
ingress of deleterious sulfate ions that react with components of the concrete’s cementitious
matrix to form expansive products (such as ettringite) that ultimately lead to cracking of the
concrete. In the latter case, sorption is responsible for the slow saturation of the concrete’s air
void system, compromising the freeze-thaw protection that it normally provides. Sorption will
also be relevant to alkali-silica and alkali-carbonate reactions, as moisture is necessary for both
of these reactions to proceed at any appreciable rate. For these reactions, the alkali content of the
cement and any supplementary cementitious materials (and the environment) and the
mineralogical and physical properties of the aggregate will be equally critical in determining the
rates of degradation. At the present time, no suitable models exist to quantitatively predict the
degradation of concrete due to these reactions under field conditions. Thus, the degradation
modes currently considered by CONCLIFE are limited to sulfate attack and freeze-thaw
deterioration.

A necessary precursor to implementing both of these degradation models was the development
of a computer model to predict the surface temperature and time-of-wetness of a field concrete as
a function of system geometry, concrete and soil (subbase) thermal properties, and geographical
location.) To quantitatively characterize the local climate, typical meteorological year weather
data files supplied by the National Renewable Energy Laboratory" (NREL;



http://www.nrel.gov) were employed. The NREL database contains detailed typical yearly
weather data (at 1-hour intervals) for 239 different geographical locations throughout the United
States. Thirteen of these locations (see table 1) were selected for inclusion in the initial release
of the CONCLIFE software. For these cities, ambient temperatures, dewpoint temperatures,
relative humidities, wind speeds, solar irradiance, cloud cover data, and precipitation events were
extracted from the data files and used as input into the heat-transfer model. The heat-transfer
model considered conduction within the concrete (and any subbase in the case of concrete
pavements), convection at exposed concrete surfaces, incoming solar radiation, and radiation
emitted from the top concrete surface to the surroundings. A one-dimensional finite difference
solution was then employed to estimate the concrete surface temperature as a function of time
over the course of 1 year. Whenever the concrete surface temperature fell below freezing,
freezing events were logged in a separate time-of-freezing file (developed for each geographical
location and construction type). Furthermore, by comparing this surface temperature to the
current dewpoint temperature, condensation events were predicted and included along with
precipitation events in a time-of-wetness file for each geographical location and default
construction type (pavement or bridge deck). Based on the predicted time-of-wetness history of
the concrete and its laboratory-measured sorptivity, models were then develo?ed for predicting
degradative spalling due to either sulfate attack or freeze-thaw deterioration.®

Table Geographical locations included in the initial release of the CONCLIFE software.

U.S. City NREL city code
Kansas City, MO 03947
Tampa, FL 12842
Providence, RI 14765
Lubbock, TX 23042
Tucson, AZ 23160
Cheyenne, WY 24018
Pierre, SD 24025
Seattle, WA 24233
Fresno, CA 93193
Baltimore, MD 93721
Bridgeport, CT 94702
Alpena, MI 94849
Waterloo, 1A 94910

The sulfate attack model is based on Atkinson and Hearne’s work,” but whereas they considered
diffusion to be the dominant mechanism of sulfate ion transport, CONCLIFE uses sorption as the
primary transport mechanism. In this case, in addition to the concrete material properties
(sorptivity, elastic modulus, fracture energy, etc.) and the exposure environment, the CONCLIFE
user must also specify the concentration of sulfate ions present in the external solution (rainwater
or condensation) for the selected geographical location. Based on these inputs, the ingress of
sulfate ions during each wetting event is calculated and used to determine the occurrence of
spalling due to expansive ettringite formation. The service life is reached when a user-specified
spalling depth is exceeded.



The third computer model in CONCLIFE estimates the service life of concrete pavements or
bridge decks when the primary mechanism of degradation is freeze-thaw deterioration. Based on
the research of Fagerlund,® this model considers that failure (concrete cracking) under freeze-
thaw conditions is due to the slow saturation of the concrete’s air void system, which
compromises the protection normally provided by the “empty” air voids. The slow saturation
rate is characterized by the sorption rate after the “nick-point” time in the measured sorptivity-
vs.-time curve.® For this prediction, the user provides estimates of concrete porosity, air void
content, and the critical saturation (zero to one) necessary to compromise the air void system,
along with the concrete sorptivity, time-of-wetness, and time-of-freezing data. For each wetting
event whose duration exceeds the nick-point time, the cumulative saturation of the air voids at
various depths within the concrete is updated. When the local saturation of the air voids exceeds
the user-supplied critical value, spalling at that depth occurs with the next freezing event as
recorded in the appropriate time-of-freezing file. Once again, the service life is reached when a
user-specified spalling depth is exceeded.

This report summarizes the technical research conducted in support of the development of the
CONCLIFE software package. Chapter 2 provides details on the development of the sorptivity
test method. Chapter 3 provides details on the underlying technical bases for the computer
models employed in CONCLIFE. Following a summary chapter, appendices provide a generic
version of the standard sorptivity test currently being considered by ASTM and a user’s manual
for the CONCLIFE software, including example analyses.

DISCLAIMER

The CONCLIFE software was developed at the National Institute of Standards and Technology
by employees of the Federal Government in the course of their official duties. Pursuant to title
17 Section 105 of the United States Code, this software is not subject to copyright protection and
is in the public domain. CONCLIFE is an experimental system. NIST and FHWA assume no
responsibility whatsoever for its use by other parties, and make no guarantees, expressed or
implied, about its quality, reliability, or any other characteristic. We would appreciate
acknowledgment if the software were used.

The U.S. Department of Commerce makes no warranty, expressed or implied, to users of
CONCLIFE, and accepts no responsibility for its use. Users of CONCLIFE assume sole
responsibility under Federal law for determining the appropriateness of its use in any particular
application, for any conclusions drawn from the results of its use, and for any actions taken or
not taken as a result of analyses performed using these tools.

CONCLIFE is intended for use only by those competent in the field of concrete technology and
is intended to supplement the informed judgment of the qualified user. Lack of accurate
predictions by the CONCLIFE models could lead to erroneous conclusions with regard to
materials selection and design. An informed user should evaluate all results.



CHAPTER 2. SORPTIVITY TESTING

To develop a test to measure the rate of ingress of water into a concrete specimen, there are two
approaches: (1) in-situ testing, i.e., the concrete is tested in place in the field; (2) laboratory
testing, i.e., concrete cores are taken and brought to a laboratory for testing. Both approaches
have their advantages and disadvantages. In the in-situ approach, the concrete cannot be easily
conditioned and it is thus not possible to know the water content (saturation) of the concrete,
which has a large effect on measured transport properties.®) This makes it very difficult to use
these measured values in quantitative service life models where the transport coefficient is
inherently a function of concrete saturation. In addition, the variable temperature and RH
present under field conditions compound the testing variability problem. In the laboratory
approach, the concrete might not be exactly the “same” as the in-situ concrete, i.¢., curing,
hydration degree, etc., if, for example, substantial time elapses between obtaining the cores and
testing them. Nevertheless, the goal of the test is to determine the properties of the in-situ
concrete.

Here, laboratory testing of consistently pre-conditioned field cores was selected because of its
higher reliability. The data will give a good quantitative estimate of the material transport
properties that can then be used to model the performance of the in-situ concrete as a function of
the exposure environment using the developed CONCLIFE software.

MATERIALS

To develop the sorptivity test, cores from either the actual construction or from in-situ specially
cast specimens or cast cylinders were used. The specimens were provided to NIST by the
following State DOTs: Virginia, Maryland, Missouri, and Rhode Island. The sets received from
Virginia and Maryland were used to develop the conditioning methodology. Those received
from Missouri and Rhode Island were used for finalizing the sorptivity test methodology using
the ponding option.

Tables 2 to 5 give the mix designs of the various specimens received. The specimens received
from Maryland and from Virginia were cast cylinders from the same concrete as the main
structure at the construction site.

The specimens received from the Rhode Island DOT were cores from small blocks (610 mm x
610 mm x 914 mm deep or 2 ft x 2 ft by 3 ft). The blocks were prepared by pumping the
concrete into the molds. The blocks were then field cured and the cores were obtained after 28
days by drilling into the top surface of the concrete blocks. The cores were 368 mm (14.5 in) in
length and 100 mm (4 in) in diameter. The specimens received from the Missouri DOT were
cores from actual pavement slabs, not from separately cast specimens. These were taken from
Route 65 in Benton County and from Route 13 in Henry County. The cores were from both the
driving lanes (DL) and the passing lanes (PL) and were all from the northbound direction of the
road. '
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Table 2. Mix design and concrete propemes for the spec1mens from the Virginia DOT.
IA'I'I tha daén o

)
MIX #1 Mix #2
(FHWA-72 A/C) | (FHWA-72 D/F)
Date 7/7/99 6/30/99
Mixture Proportions
Cement kg/m’ (Ib/yd°) 234 (395) 251 (423)
Slag kg/m’ (Ib/yd’) 100 (169)
Fly ash kg/m’ (Ib/yd°) 84 (141)
Pozzolan (mass %) 30 25
Coarse aggregates gNo 57) kg/m’ 1092 (1840) 1092 (1840)
(Ib/yd”)
Fine aggregates kg/m° (Ib/yd°) 722 (1217) 729 (1229)
Water kg/m’ (Ib/yd°) 148 (250) 148 (250)
W/cm 0.44 0.44
Admixtures AEA AEA
Concrete Properties
Slump mm (in) 63.5 (2.5) 38.1(1.5)
Air content (%) 5.0 4.2
Concrete temperature °C (°F) 30.5 (87) 28 (82)
Compressive strength MPa (psi) at 28 36.5(5300) 33.9 (4920)
d on cylinders 152 mm x 508 mm (6 in
x 20 in)
Flexural strength MPa (psi) at 28 d on 5.4 (785)
prisms 152 mm x 152 mm x 508 mm
(6in x 6 in x 20 in)
Rapid Chloride Permeability at 28 d 1584 700
(ASTM C1202)
Curing Moist cured at 23°C for 7 d followed
by moist curing at 38°C for 21 d and
testing at 28 d
Kept in plastic molds with the same
curing as 1)
Shipped and further curing Shipped in plastic bags or in their
original molds; received by NIST on
8/17/99. At NIST, the specimens
were stored in limewater until testing,
if received in bags; in their molds in a
moist cabinet until testing, if received
] in molds




Table 3. Mix design and concrete properties for the specimens from the Maryland DOT.
(All the data were provided by the DOT and were not remeasured at NIST.)

Date 3/2/99
Mixture Proportions
Cement kg/m’ (Ib/yd°) 262 (442)
Newcem kg/m’ (Ib/yd°) 141 (238)
Pozzolan (mass %) ’ 35
Coarse aggregates gNo. 57) kg/m’ 1080 (1820)
(Ib/yd?)
Fine aggregates kg/m’ (Ib/ft’) 688 (1160)
Water kg/m® (Ib/ft°) 158 (267)
W/cm 0.39
Admixtures AEA and HRWRA
Concrete Properties
Slump mm (in) 50-127 (2-5)
Air content (%) 6.5
Concrete temperature °C (°F) Not measured
Designed compressive strength MPa 31 (4500)
(psi) at 28 d
Rapid Chloride Permeability at 28 d Not measured
(ASTM C1202)
Curing Moist cured at 23°C until pick up date
Shipped and further curing Picked up on 7/21/99; transported in plastic
bags with wet burlap. At NIST, the
specimens were stored in limewater until
testing.




Table 4. Mix design and concrete properties for the specimens from the Missouri DOT.

(All the data were provided by the DOT and were not remeasured at NIST.)

Route 65 Route 13
(FHWA- (FHWA-153)
152/154)
Date cast 06/29/00 06/29/00
Date Core taken 07/26/00 07/25/00
Mixture Proportions
Cement kg/m- (Ib/yd*) 290 (488) 251 (423)
Fly ash kg/m” (Ib/yd”) 51 (86)
Pozzolan (mass %) 15 0
Coarse aggregates (limestone) kg/m’ 1069 (1801) | 992 (1672)
(Ib/yd?)
Fine aggregates kg/m” (Ib/yd") 586 (988) 729 (1038)
Water kg/m” (Ib/yd®) 123 (207) 88 (148)
Wiem 0.36 0.35
Admixtures AEA (0.5 L/im%) | AEA (0.58 Lm") |
Concrete Properties
Slump mm (in) 30.5(1.2) (44.5) 1.75
Air content (%) 5.0 4.2
Concrete temperature °C (°F) 27 (80) 28 (82)
Curing In situ

Shipped and further curing

Shipped in plastic bags; received by
NIST on 8/2/00. At NIST, the
specimens were stored in limewater
until tcsting.




Table 5. Mix design and concrete properties for the specimens from the Rhode Island DOT.
(All the data were provided by the DOT and were not remeasured at NIST).

MIX #1
(FHWA-150)
Date cast 6/14/00
Mixture Proportions
Cement kg/m’ (Ib/yd”) 417 (703)
Coarse aggregates (3/4” and pea 1054 (1776)
stones)
kg/m® (Ib/yd®)
Fine aggregates kg/m’ (Ib/ft") 681 (1148)
Water kg/m” (Ib/ft") 163 (275)
W/cm 0.39
Admixtures DCI
Concrete Properties: none available
Curing Unknown
Shipped and further curing Received on 7/31/00.
At NIST, the specimens
were stored in limewater
until testing._

For the specimens from Missouri and Rhode Island, the elastic moduli were measured based on
the resonance frequency method as described in ASTM C 215.°) The mode used was
longitudinal, i.e., the accelerometer was on the same axis as the driver. The values obtained,
along with their measured standard deviations, are given in table 6. It is interesting to note that
the driving lane has systematically higher values than the passing lane. We have no explanation
for this phenomenon. More information on the casting pattern, the date and time of casting, the
curing, or any other differences in the treatment or the materials used needs to be available in
order to attempt to explain the difference.

Table 6. Modulus of elasticity for the concretes.

Rhode Missouri Rt. 65 Missouri Rt. 13

Island
Driving Lane | Passing Lane | Driving Lane Passing Lane

44+1GPa | 46+03GPa | 42+02GPa | 48+0.3 GPa 43+ 0.2 GPa




METHODOLOGY DEVELOPMENT

Conditioning of the Specimens

To develop a laboratory test to measure sorptivity, two main hurdles needed to be overcome: (1)
the conditioning of the specimen, and (2) the test itself.

As the sorptivity depends critically on the water saturation of the concrete, the conditioning of
the specimen is of paramount importance. The following are requirements for a good
conditioning procedure for the specimens:

* Equilibrium with the same RH should be achieved with any concrete (to replicate the field
RH conditions).

* The RH in equilibrium with the specimen should be around 50 percent, because it is a likely
limit on the lowest RH commonly encountered in the field.

e The duration of the conditioning should be as short as possible.

e The methodology should not require sophisticated instrumentation. This will allow the
implementation of the test by most laboratories.

The more severe conditioning consisting of drying the specimen to constant mass in an oven was
rejected a priori. On the average, a concrete specimen 100 mm in diameter and 50 mm in length
will need 2 to 3 months to be completely oven dried. This duration is not acceptable. The
following methodology was adopted to determine the optimum conditioning:

e Vacuum saturate the specimen as described in ASTM C1202.('®

e Place the specimens in an environmental chamber at 80 percent RH and 50°C. The duration
of this treatment should be the shortest possible to obtain the same equilibrium internal RH
with all concretes. Note that an RH of 80 percent is used in this step because, once the
temperature of the specimen is lowered from 50°C to 20°C in the next step, the specimen RH
will be reduced significantly (hopefully approaching the desired value of 50 percent).
Place the specimen in a closed container at 20°C until the specimen has the same RH
throughout its thickness. The RH of the air in the container will be monitored to determine
this equilibrium.

Therefore, the first point to determine was the duration of the treatment in the environmental
chamber to obtain a consistent RH for all specimens. The procedure to determine the duration
was to expose concrete specimens obtained from the Maryland and Virginia DOTs to various
durations of exposure and measure the RH after a subsequent 2-week storage in the closed
containers. The goal was to obtain a similar RH for all specimens. The durations selected were:

¢ TI: No time in the environmental chamber. The specimens were placed directly in closed
containers after being vacuum saturated

o T2:24h
T3:48h
T4:3d



e T5:7d

® Té: The specimens were kept in the environmental chamber until they achieved constant
mass. The duration was on the order of 3 to 4 months depending on the specimen.

T7: The specimen was kept in the environmental chamber until it achieved constant mass but
the temperature of the chamber was changed to 20°C. The duration was about 6 months.

Figure 2 shows the results obtained. Each result represented on the bar chart is the average of
two specimens. The bars show the influence of the mixture design on the final RH achieved,
while the line plot shows the average for all specimens in any mixture design for a given
conditioning. The goal is to obtain the conditioning that results in the smallest variation between
the specimens while also producing a relative humidity of about 50 percent. It is clear that the
conditioning from T3 and higher are acceptable, with the unexplained exception of T4.
Therefore, we suggest that the specimens should be kept in the environmental chamber for at
least 48 h prior to placement in the container to equilibrate the RH. Of course the smallest
variation between specimens is obtained when a constant mass is achieved (conditions T6 and
T7), but the duration of these conditionings is not acceptable for a standard test.

R 72-A/B ‘
100 | — 72-C 90
| C72-D/E | | 80
90 - | E=m72-F 1 =3
< 80 N 68 70 £
°\ -
= 60 ®
@ 70 50 § -
2 o &
£ 60 - 40°¢
© - 30 2
T 50 s
3 - 20 8
40 1 - 10 E
30 - )
T T2 T3 T4 T5 T6 T7

Type of Conditioning

Figure 2. RH achieved after the various pre-conditionings.

(The main difference is the duration spent in the environmental chamber at 50°C and 80 percent
RH. T1: no time; T2: 24 h; T3: 48 h; T4: 3 d; T5: 7 d; T6: until constant mass; T7: until constant
mass but at 20°C and 80 percent RH. The right scale is not identical to the left scale for better
visualization of the average curve.)

The second step that needs to be addressed is the duration of the conditioning of the specimen in
a closed container to obtain a uniform RH throughout the specimen. To determine the shortest
duration needed, specimens were placed in special containers. These containers were wide-
mouth plastic jars with a metal lid. The mouth of the jars was wide enough to accommodate the
placement of the specimen inside the jar. Two valves were attached to the lid. These valves
open only when a male connection is attached to them. A dew point hygrometer was used to
measure the RH inside the jars. It was connected regularly to each jar through the one-way
valves in the lids of the jars. The RH was monitored once a day for at least 2 weeks. Figure 3
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shows the evolution of the RH vs. time. It can be deduced that after about 10 days the RH does
not change significantly. Therefore, the duration adopted was 15 days to guarantee a uniform
RH throughout the specimen.

0 10 20 30
Time [days ]

Figure 3. RH of the air inside the conditioning jars vs. time.

Sorptivity Test

Water ingress into a non-saturated concrete structure is due to sorption, driven by capillary
forces.” If the water is-on top of the concrete surface, gravity also will play a role in the water
penetration. Figure 4 shows the different results obtained with the two methods: bottom water
exposure (against gravity) or ponding (with gravity). It is clear that the specimens have a higher
water intake by ponding than by capillary transport during bottom water exposure alone.
Therefore, it is necessary to use the method more appropriate for the application of the concrete
structure to be evaluated. The determined sorjptivity coefficients are 3.8 x 10”* mm/Vmin for the
bottom water exposure sorption and 4.6 x 10”> mm/Vmin for the ponding sorption for the data

presented in figure 4.

To measure the sorption coefficient of concrete, a new test was developed. The method is
similar to that recently published as a Réunion Internationale des Laboratoires d’Essais et de
recherche sur les Matériaux et les Constructions (RILEM) recommendation,'” and has been
submitted to ASTM for standardization. The principle of the method is that a concrete specimen
has one surface in contact with water while all others are sealed, to allow a direct and accurate
assessment of its sorptivity.

12
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Figure 4. Comparison of sorption measured by bottom water exposure (capillary) and by
ponding. (A) The water content per surface area vs. linear time as measured; (B) the water
content per surface area vs. square root of time for the first 7 h only.

The proposed standard test allows either the top surface (simulation of water on a pavement or
bridge deck) or the bottom surface (substrate in contact with water) to be in contact with water.
The first case is referred to as ponding sorption and the second as bottom water exposure or

capillary sorption.

The concrete specimens evaluated in the test were 50-mm- (2-in-) thick disks sliced from the
received specimens. The sides were covered with duct tape prior to the pre-conditioning, in
order to treat all specimens equally prior to the initial vacuum saturation procedure used in this
study. By contrast, in the detailed test procedure provided in Appendix A, the specimens are
sealed (taped) after the pre-conditioning and just prior to actual testing. This should somewhat
reduce the time necessary to reach moisture®quilibrium within the specimen during pre-
conditioning. Taping was chosen over the application of an epoxy coating because it is faster,
reversible, and doesn’t cause any penetration of the pore structure of the concrete specimens.
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In both cases, the surface not tested was covered with a plastic wrap secured with a rubber band
or an equivalent system. In the case of capillary sorption (figure 5), the specimens were then
ready for testing. For ponding sorption, some duct tape was used to form a pool (dike) as shown
in figure 6. A two-component epoxy caulk was used to seal the space between the tape and the
concrete. '

The mass of the specimen was then regularly measured after the tested surface was patted dry.
Of course, in the case of ponding, the water inside the dike needed to be poured out before
patting the surface dry.

Figure 6. Schematic of the ponding sorption test.

It should be mentioned that the tape used in these tests needs to be evaluated in order to avoid
leaks. These leaks will be deleterious to obtaining correct results, especially in the ponding
configuration. Figure 7 shows the possible cases of leakage that can alter the validity of the
results; the water leaks between the two sides of the tape or between the tape and the specimen
and wets the non-testing surface. In both cases, the results will show a higher sorption
coefficient than the correct value.

To select the correct tape and caulk, one can use any concrete cylinder as a “dummy” specimen.
The steps to follow are:

e Dry the specimen somewhat by placing it in an oven at 50°C overnight.
e Prepare the specimen for the ponding tests as described above and use the tape to be tested.

14



® Pour water in the dike and leave the specimen overnight.

In general, if the tape is inadequate, the leaks will appear in less than 24 h. It would have been
more scientific to develop clear criteria for determining the “stickiness” of the tape, but it was
beyond the scope of this project. Some valuable information on selecting an appropriate tape can
be found in a guide to tapes for use in backpacking.'?

two layers of tape; (B) the water has leaked in between the tape and the specimen sides and is
wetting the bottom (non tested surface).

To determine the sorption coefficient, the mass gain divided by the surface area of the top
surface is plotted vs. the exposure time. The sorption coefficients are defined as shown in the
following equation:

Vo sdi+ / 1)
p4 '

where
W = mass gain (kg)
A = surface area tested (m?)
T = time elapsed (min)
S = early age sorption coefficient (mm/min'?) if Imin<t<7h
later age sorption coefficient (mm/min”z) ift>1d
I, = initial sorption (mm) occurring immediately upon contact with water
p = density of water (kg/m?)
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Figure 8 shows these two slopes or sorption coefficients. Two slopes have been observed for the
results obtained from a wide variety of concretes and mortars."'® The later-age sorption
coefficient is usually attributed to other phenomena besides the capillary forces alone, such as
filling of the larger pores and air voids. The nick-point time is defined as the time where the
lines with the two slopes cross as shown in figure 8. Because the two lines have different slopes,
they will also have different intercepts or initial sorptivity (Io) values.
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Figure 8. Calculation of the sorption coefficient.
Results

Many tests were conducted to develop the test using many of the specimens described above.
Here, we will present only the data obtained in ponding sorption for the concretes from Rhode.
Island and from Missouri, as these tests were performed after the testing methodology was well
established. '

Typical measured sorptivity values for the three concretes (following the 7-d environmental
chamber-conditioning regime) are provided in table 7. The concrete from Rhode Island is seen
to exhibit a rapid initial sorption relative to the two concretes from Missouri (as seen in the
values of Ip). After this initial absorption, the values of S (early age) for the 3 concretes are seen
to be very similar (a coefficient of variation between the 3 samples of only 13 percent). The
values of S (later age) exhibit a much higher variability between the 3 concretes (coefficient of
variation of 60 percent), with the concrete from Rhode Island once again exhibiting the largest
value.
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Table 7. Sorptivity properties for the concretes.
(S is the sorptivity and I is the initial sorption.)(6)

Sorption Property Rhode Island Missouri Rt. 65 Missouri Rt. 13
Driving Lane Driving Lane

Iy (early age) (mm) 5.46 0.075 0.017

S (early age) (107 2.79 3.25 3.64
mm/Vmin)

Nick point time (h) 7 7 6

Ip (later age) (mm) 5.34 0.065 0.034

S (later age) (10~ 8.98 3.95 3.02
mm/Vmin)

Standardization Efforts

Based on previous drafts prepared by Prof. Douglas Hooton of the University of Toronto, the
sorption coefficient test was updated and presented to ASTM Committee C09.66. The first
C09.66 subcommittee ballot has been completed and the comments from the subcommittee
members have been introduced into a revised draft. This revised draft (a generic version of
which is provided in Appendix A) was sent for discussion to the members, prior to the June 2001
meeting. A precision and bias statement is currently being developed and will be presented at
the December 2001 ASTM C09 meeting for subcommittee C09.66 balloting.
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CHAPTER 3. COMPUTER MODELS

CONCRETE SURFACE TEMPERATURE AND TIME OF WETNESS
(HEAT-TRANSFER) MODEL

To perform a sorptivity-based estimate of concrete service life, it is necessary to know when and
for how long the concrete pavement or bridge deck is wet, in addition to knowing the sorption
properties of the concrete as a function of its saturation or RH. Thus, a precursor to developing
the specific service life models was to develop a heat-transfer model for a concrete pavement or
bridge deck. Knowing the concrete surface temperature will allow the prediction of
condensation (when the surface temperature drops below the dewpoint temperature) and the
adjustment of the measured concrete sorptivity for temperature. The basic one-dimensional
model for heat transfer within a concrete pavement or bridge deck has been presented
previously.™ Figure 9 below shows the basic concrete pavement and bridge deck configurations
considered by the model, along with the relevant modes of heat transfer within the concrete and
to/from its exposed surfaces.*® In the final version of the CONCLIFE software, the user has the
option of changing the dimensions or the fixed temperature at the bottom soil surface to better
model a specific system of interest. The computer model considers heat transfer by conduction,
convection, and radiation. For radiation to the sky, the sky temperature is estimated based on a
series of equations first presented by Walton' and detailed below. Default material properties
for the concrete and soil layers"'” are provided in table 8. In the final version of CONCLIFE, the
user also has the option of altering these values if more specific information is available,
essentially creating their own concrete surface temperature, time-of-wetness and time-of-freezing
data files. Environmental data for the heat-transfer model are taken from the Typical
Meteorological Year (TMY2) weather data files provided by the NREL."” These files provide
typical weather data including ambient RH, ambient temperature, cloud cover, dewpoint
temperature, incident global horizontal solar radiation, precipitation events, and wind speed on
an hourly basis.

Both systems shown in figure 9 are modeled with a one-dimensional finite difference grid with a
default spatial resolution of 20 mm. Four modes of heat transfer are considered at the top
concrete surface: conduction into the concrete, convection, solar absorption, and grey-body
irradiation to the surroundings. For conduction, the heat flow contribution (in W/m?) is given
by:

+@-T)

2
~ @)

Qcond — Peone

where ko is the thermal conductivity of the concrete in W/(m-°C), T and T} are the surface
temperature and temperature at the first internal node, respectively, and Ax is the node spacing
(0.02 m). For the convection term at the top surface, the heat flow is given by:

Qcouv = hcouv * (T;) - T;mbienl) (3 )

. . . . . . 2
where T mpien, 1S the ambient temperature and ..,y is the convection coefficient in W/(m* -°C).
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Figure 9. Basic configurations of one-dimensional heat-transfer models for concrete pavements
and bridge decks.

Table 8. Generic material properties for the heat-transfer/time-of-wetness model.

Heat Thermal
Capacity Conductivity | Density Solar
Material | (J/(kg-"C)) (W/(m-°C)) (kg/m3) Emissivity | Absorptivity
Concrete 1000 1.5 2350 0.9 0.65
Soil 800 0.3 1600 --- ---

While several empirical relationships to estimate convection coefficients exist, for this study the
convection coefficient was calculated based on the wind speed available in the weather data files
and the following equations used in the commercially available FEMMASSE system:!'®

hconv =56 -M‘vaind for Vwind Sm/s (4)
hconv =72 *VS,,Z:, for Vwind >S5 mls’

where Vying is the measured wind speed in m/s. For radiation absorbed from the incoming
sunlight, the heat flow contribution is given by:

Q.\'un = ‘Yabs * inc (5 )
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where Q;, is the incident solar radiation from the TMY? data file (W/mz) and ¥, is the solar

absorptivity of the concrete (default value of 0.65). For the top surface, finally, the irradiation
heat loss to the sky is given by:

QsAj“ =c¢g * (77:14)\’ - Tj;) (6)

where o is the Stefan-Boltzmann constant (5.669 * 10 W/( m%- °C)), € is the emissivity of the
concrete (assumed to be 0.9), Ty is the concrete surface temperature in K, and T, sky 18 the
calculated sky temperature, also in K. The sky temperature was estimated based on an algorithm
presented by Walton!!? using the following series of equations:

71(&3 = g,] ! * ‘71[7"\'.‘1;‘\‘&'1\' (T I}Z A’) (7)

where the sky emissivity, ¢, is given by:

T
€, =0.787+0.764 * In(—2~)* F 8
s n(273) cloud ( )

where T, is the dewpoint temperature in K taken from the TMY?2 data file, and with the cloud
cover factor, Fjp.q4, as:

F

viowa = 1.0+0.024N —0.0035N7 +0.00028 N> )
where N is the “tenths cloud cover,” taking values between 0.0 and 1.0, and also available in the
TMY?2 data files.

The time step in the finite difference scheme is established based on the discretized element
thickness (0.02 m) and the thermal properties of the materials to ensure numerical convergence
of the solution.!” The ambient environmental conditions at any specific time are calculated by
linear interpolation of the hourly values available from the TMY2 weather files.

Based on these equations, the environmental inputs, and the concrete material properties, the
computer model predicts the concrete surface temperature (see figure 10 for an example) and
logs wetting and freezing events for the concrete surface. During the middle of a sunny day, the
concrete surface temperature will rise above the ambient temperature due to the incoming solar
radiation. Occasionally, on a clear night, the concrete surface temperature will fall below the
ambient value, due to radiation emitted to the night sky. Wetting may be due to a precipitation
event or condensation that occurs when the concrete surface temperature drops below the current
dewpoint temperature. Each wetting event is characterized by a starting time, a concrete surface
temperature, an external RH prior to wetting, and a duration. Each freezing event is
characterized by a starting time, a minimum temperature achieved during freezing, and a
duration. Figure 11 shows plots of the wetting events for concrete pavements in Kansas City,
MO and Providence, RI. Clearly, the Rhode Island environment is wetter (776 total h wet during
the year, vs. 448 for Kansas City). These wetting and freezing event files are then used in the
concrete service life models described next.
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Figure 10. Temperature predictions for a concrete pavement in Providence, Rl in the spring.
(Time indicates cumulative hours from beginning of year.)
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Figure 11. Plots of wetting events in (top) Kansas City, MO, and (bottom) Providence, RI, both
for concrete pavements.

SULFATE ATTACK SERVICE LIFE MODEL

The service life model for sulfate attack is based on the model developed by Atkinson and

Hearne.!” While their development considered the main mode of sulfate jon transport into the
concrete to be by diffusion, here we will develop a similar model for sulfate ions transported via
sorgtion from the external environment. The basic equation developed by Atkinson and Hearne
+ ol

is

_207,(1-v)
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where - .
Ce = concentration of reacted sulfate as ettringite (mol/m’ )

E = Young’s modulus of the concrete (GPa)

Xspai = concrete spalling depth (m)

a = roughness factor for fracture path (default value of one) -

B =linear strain caused by reaction of sulfate ions to form one mole of ettringite (m*/mol,
default value of 1.8*10°)

Yr = fracture surface energy of the concrete (N/m or J/m?)

v =Poisson’s ratio of concrete (e.g., 0.3)

The basic assumption of this model is that deleterious expansion and cracking is due to the
formation of expansive ettringite within the concrete. When the strain produced by the growing
ettringite crystals exceeds the fracture energy of the concrete, failure occurs, as a layer Xspai thick
spalls from the concrete surface. For a sorptivity-based model, the buildup of ettringite is
considered to be due to external sulfate ions penetrating into the concrete along with the sorbed
external solution.” To use this model, the user must specify the concentration of sulfate ions in
the external solution (e.g., rainwater or groundwater) and the sorption properties of the concrete.
Specifically, for each wetting event, the CONCLIFE program calculates a penetration depth
based on the duration of the event, the concrete sorptivity, and the environmental conditions (RH
and concrete surface temperature). The measured sorption coefficients are adjusted for the RH
just prior to the wetting event, using linear interpolation and assuming a sorptivity value of zero
at 100 percent RH (saturated) conditions. They are further adjusted for the concrete surface
temperature based on the physical properties (viscosity and surface tension) of water as a
function of temperature.® Assuming that sorptivity scales as (o/n)"%,® where o is surface
tension (expressed in units of kg/(m-s) x 104)“8) and 7 is viscosity (in units of dynes/cm),"'” one
finds:

‘E = 2.054 +0.0334*T — 0.000085 * T (11)

where T is expressed in °C.

Based on these adjusted sorption coefficients, the concrete internal “sulfate (ettringite)
concentrations” down to the penetration depth are updated and equation 10 is used to evaluate
whether or not new spalling will occur. If so, the spalling depth is updated. This process is
repeated until the spalling depth exceeds the user-specified failure criteria, indicating the
estimated service life for the concrete. This model comprises one of the two main user screens of
the CONCLIFE program as detailed in the user’s manual in Appendix B.

FREEZE-THAW DETERIORATION SERVICE LIFE MODEL

The service life model for freeze-thaw deterioration is based on the critical air void saturation
concept of Fagerlund.® The basic assumption is that the air voids in field concrete are slowly
filled by liquid water during environmental exposure. This “filling” rate is assumed to be
equivalent to the later age sorption coefficient (after the nick-point time) discussed above. When
a critical fraction of these air voids have become saturated (water-filled), the next freeze-thaw
cycle will cause damage to the concrete. For the purposes of the model developed in
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CONCLIFE, failure is characterized by the time necessary to achieve the critical saturation. The
subsequent cracking developed due to cyclic freezing and thawing is not considered. Critical
parameters are the porosity and air void content of the concrete and its sorption characteristics.
To implement this model in the CONCLIFE program, each wetting event is examined in turn. If
the duration of the wetting event exceeds the nick-point time, the penetration depth is computed
based on the sorption coefficients and the concrete porosity. The sorption occurring after the
nick-point time is used to update the saturation of the air voids within this penetration depth. If
the saturation at some depth is greater than the user-specified critical saturation, spalling occurs.
Once again, when the cumulative spalling exceeds the user-specified failure criteria, an estimate
of the concrete service life is achieved. This model comprises the second main user screen
within the CONCLIFE program as detailed in the user’s manual in Appendix B.
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CHAPTER 4. SUMMARY

The technical basis for the CONCLIFE software has been preserited. Upon an extensive
literature review, the sorptivity of concrete was determined to be more important than its
permeability with respect to degradation in a typical highway field exposure. Thus, a
methodology and procedures for evaluating the sorptivity of field concrete cores were developed.
The complete procedures for this sorptivity test can be found in Appendix A of this report. For
this test, laboratory evaluation of cores from field concrete was selected over in-situ
measurement, due to the variable environmental conditions present in the field and the resultant
variable moisture content (saturation) of the concretes. By subjecting all field concrete cores to
the same laboratory pre-conditioning regimen, useful comparisons can be made between the
subsequently measured sorption coefficients. ’

The developed test is simple to execute, requiring a minimum set of laboratory equipment
(laboratory balance, device to measure relative humidity, etc.). Basically, it consists of
measuring the mass gain over time of a partially saturated concrete core with one surface
exposed to water (and all other surfaces sealed).

The sorption of sulfate ions and water by partially saturated concrete have been related to
degradation due to sulfate attack and freeze-thaw damage, respectively. Knowing the measured
sorption properties of the concrete and its exposure conditions (surface temperature, time-of-
wetness, etc.), the ingress of sulfate ions and the slow saturation of the air void system can be
quantitatively predicted. A necessary first step in implementing this analysis was the
development of a simple one-dimensional heat-transfer computer model to predict the surface
temperature and time-of-wetness of the concrete as a function of geographical location. The
developed heat-transfer model considers heat transfer due to conduction within the concrete (and
subbase) layer, convection at exposed concrete surfaces, incoming solar radiation, and radiation
emitted by the top surface of the concrete. Because of their different geometries and materials
(subbase), separate heat-transfer models were developed for the cases of concrete pavements and
bridge decks. Because it lacks an insulating subbase, a concrete bridge deck will generally
experience lower temperatures than a concrete pavement, leading to an increase both in the
number of condensation events (when the concrete surface temperature falls below the dewpoint
temperature) and in the number of freezing events (when the concrete surface temperature falls
below 0°C).

For the heat-transfer models, environmental data were obtained from the typical meteorological
year weather data files supplied by the NREL.® Using these data files along with the
laboratory-measured properties of the field concretes, spalling damage due to either sulfate
attack of freeze-thaw deterioration can be quantitatively predicted. Ultimately, the service life of
the concrete is defined as the time needed to achieve a user-specified level of spalling from the
top surface of the concrete. In the case of sulfate attack, spalling is due to the expansive
ettringite that is formed when the ingressing sulfate ions react with the cementitious matrix.” In
the case of freeze-thaw deterioration, spalling is due to the expansion of water during freezing,
for the case where there is no longer an adequate air void system™® to “relieve” these swelling
pressures.
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The three developed computer models have been integrated into a user-friendly software
package, called CONCLIFE. The complete user’s manual for the CONCLIFE software is
provided in Appendix B of this report. The software presents the user with a set of screens that
can be used to produce quantitative predictions of concrete spalling under either sulfate attack or
freeze-thaw conditions. CONCLIFE can also be used to determine the sorptivity coefficients of
a concrete by analysis of measured laboratory data and to establish user-specific concrete surface
temperature, time-of-wetness, and time-of-freezing files for concrete pavements and bridge
decks with different geometries or different thermal properties than those of the default systems
(defaults as detailed in figure 9 and table 8). The software produces graphs of concrete
sorptivity, annual precipitation for different geographical locations, and estimated rates of
concrete spalling.

CONCLIFE has the following limitations: 1) it considers transport of sulfate ions and water only
due to sorption (neglecting diffusion for example); 2) it considers the concrete sorptivity
coefficients to be constant with time (whereas they could well decrease due to
hydration/carbonation or increase due to leaching or other degradation); and 3) it assumes that
the internal RH of the surface layer of the concrete is equivalent to the external environment RH
just prior to any wetting event (precipitation or condensation). These limitations may be
addressed in future versions of the software.

Example analyses provided in Appendix B indicate that the measured sorptivities do have a
major influence on the calculated concrete service lives for both sulfate attack and freeze-thaw
deterioration. In addition to the sulfate attack and freeze-thaw deterioration considered explicitly
in this study, sorptivity will also have a strong influence on degradation due to the ingress of
chloride ions (rebar corrosion) and due to alkali-silica and alkali-carbonate reactions between
aggregates and the concrete pore solution. It should be further noted that the service life
predictions provided by CONCLIFE have not yet been validated on real concrete structures.

As described in this report, both experimental and computational research have played major
roles in the development of the current CONCLIFE software package. This combined
experimental/computer modeling approach is viewed as the most fruitful avenue for advancing
the science of service life prediction of concrete structures.
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In the future, it is expected that improvements in the degradation models and the characterization
of the local concrete microclimate will increase the accuracy of these service life estimates. As
the fundamental mechanisms of concrete degradation are further elucidated, revisions to and
extensions of the degradation models will become possible. More accurate and complete data on
the “local” concrete environmental conditions can also be incorporated into future versions of
CONCLIFE. Thus, CONCLIFE is viewed only as a starting point for the complex topic of
service life prediction for concrete pavements and bridge decks. It addresses only specific
modes of failure (sulfate attack and freeze-thaw deterioration due to sorption) based on the
current state of the art and understanding of these degradation modes. But the general
methodology of combining concrete physical properties and local environmental data to predict
concrete performance must surely be utilized in all future service life models if the state of the
art and our understanding are to be significantly advanced.

In summary, the initial objectives provided in the Project Overview section of this report have
been met. Relationships between service life, considering sulfate attack and freeze-thaw
deterioration, and sorptivity have been established. No current U.S. standard tests (either
ASTM or AASHTO) for evaluating concrete sorptivity exist, so a standard laboratory-based
procedure for the evaluation of field concrete cores was developed. The CONCLIFE software
was developed to provide a means for determining sorptivity coefficients based on the laboratory
measurements and to further utilize these coefficients in providing quantitative predictions of
service life.
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APPENDIX A. Test Method for Measurement of Rate of Absorption of Water

by Hydraulic-Cement Mortars or Concretes’

NECESSARY EQUIPMENT

The following equipment is needed to conduct the test:

Pan - A watertight polyethylene or other corrosion-resistant pan large enough to
accommodate the test specimen with the surface to be tested exposed to water.

Support Device - Rods, pins, or other devices, made of materials resistant to corrosion by
water or alkaline solutions, which allow free access of water to the test surface of the test
specimen during the test. Alternately, the sample can be supported on several layers of
blotting paper or filter papers with a total thickness of at least 1 mm.

Top-Pan Balance - With sufficient capacity for the test specimens and accurate to at least 0.1
g. The balance should comply with ASTM C1005.

Timing Device - Stopwatch or other suitable timing device accurate to 1 s.
Tissue Paper or Cloths - For wiping excess water from specimen surfaces.

Environmental Chamber - The chamber should have a fan and should be able to maintain a
temperature of 50 + 2°C and a relative humidity at 80 + 3%. Alternatively, an oven able to
maintain a temperature of 50 + 2°C and a dessicator can be used. The relative humidity (RH)
is controlled in the dessicator with a salt solution of potassium bromide. The dessicator needs
to be large enough to contain the specimens to be tested.

Polyethylene Storage Container - With sealable lid, which is large enough to contain a test
specimen. The container should not have a volume larger than five times the specimen
volume. An option for the container could be to have lock valves in the lid that could be
connected to a system to measure the RH inside the container.

Potassium Bromide, reagent grade - Only required if the oven/dessicator is used.

TEST SPECIMENS

Use, as the standard test specimen, a 100-mmz= 6-mm-diameter core or cylinder, with a
length of 50 £ 3 mm. The cross section of the specimen should be constant (+ 5 mm?).
Measure the actual diameter of the specimen for use in calculations by averaging at least four
diameters. For tests to evaluate curing effectiveness, take cores from the central portion of
slabs at least 30 mm from any edge.

Test a minimum of two specimens.

Since water absorption is affected by curing, conduct replicate tests on specimens having test
surfaces at the same depth with respect to the exposed surface.

' This method was proposed to ASTM Subcommittee C09.66 on Resistance to Fluid

Penetration. It is currently in the balloting process.
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SAMPLE CONDITIONING

Proper sample conditioning is essential. This is the method that was devised to obtain a uniform
RH in the specimen. Ideally the RH obtained is about 50-60%.

® Place test specimens in the environmental chamber at a temperature of 50 + 2°C and RH of
80 + 3% for 3 days. Alternatively, place test specimens in a dessicator inside an oven that is
able to maintain a temperature of 50 + 2°C. Control the RH in the dessicator with a saturated
solution of potassium bromide. Do not allow test specimens to come in contact with the
saturated salt solution.

e Remove the specimen from the pre-conditioning chamber and place it on the support device
inside the sealable polyethylene container.

® Place the container at 23 + 2°C in an environmental chamber or oven for 15 days.  The
conditioning inside the sealed container results in spatial equilibration of the moisture
distribution within the test specimens and has been found to provide internal relative
humidities of 50 to 70%. This is similar to the lower values of RH typically found in field
structures .

e Store the specimen in the desiccator jar or a sealable polyethylene container until sorptivity
testing.

PROCEDURE

Once the specimens are conditioned as described above, the following procedure should be
followed to prepare the specimens for testing. Two procedures to measure the sorption will be
conducted. The selection of the appropriate procedure should be based on the type of exposure
that the concrete will experience in the field.

Preparation of Specimens for Measurements after Conditioning

e Conduct the absorption procedure at 23 + 2°C with tap water conditioned to the same
temperature. If the experiment is continued for more than 3 days, saturated limewater shall be
used instead of tap water. The limewater shall be prepared by dissolving sufficient calcium
hydroxide (Ca(OH),) in distilled water to exceed the saturation concentration (1.65 mg/g of
water).

e Remove the specimen from the container or bag and measure the mass of the conditioned test
specimen to the nearest 0.1 g prior to sealing of side surfaces. Record this mass.

e Seal the sides of test specimens with a bituminous, epoxy, or other coating to prevent
absorption of water into the sides and to prevent evaporation of internal water. Also cover the

2 DeSouza S.J., Hooton R.D., Bickley J.A., “Evaluation of laboratory drying procedures
relevant to field conditions for concrete sorptivity measurements,” Cement Concrete Aggr, Vol.
19, No. 2, Dec 1997, pp. 59-63.

3 DeSouza S.J., Hooton R.D., Bickley J.A., “A field test for evaluating high performance
concrete covercrete quality,” Can J Civil Eng, Vol. 25, No. 3, June 1998, pp. 551-556.
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top of the specimen with the same material or with a bag attached with a rubber band.
Strips of impermeable sheets, bituminous sheet, epoxy paint, vinyl electricians’ tape, duct
tape, or aluminum tape have been found to be effective for this purpose.

Again measure the mass of the specimen with sides and the non-tested surface sealed and
record the value as the initial mass for rate of absorption calculations.

Sorption Measurement Procedures

Procedure A: Absorption by capillary suction (bottom surface exposure)

This method allows the measurement of absorption where the surface exposed to the water is the
bottom surface. Depending on the end use application of the concrete, absorption either against

or with gravity may be a more appropriate measure. Procedure B will address the case of water
in contact with the top surface of the concrete.

)

Fill the pan with tap water or saturated limewater as described above until the level is 1 to 3
mm above the top of the support device.

Record the time and immediately place the test surface of the specimen on the support device
(see figure 12).

After 60 + 2 s, remove the test specimen from the container, stop the stopwatch, blot off any
surface water with a dampened tissue or cloth, and measure the mass within 15 s.
Immediately replace the test surface of the specimen on the support device in contact with
water and start the stopwatch

Repeat the procedure in steps 3 and 4 after total elapsed contact times of 5, 10, 20, 30, and 60
min (£ 10 s) from first contact of the specimen with water. Continue the measurements every
hour up to 6 h and once a day up to 28 d from the first contact of the specimen with water.
After blotting, dry the surface of the specimen and invert the specimen so that the wet surface
does not come in contact with the balance pan. For measurements after the first 10 min,
stopping the stopwatch while the specimen is not in contact with the water is not necessary.

Figure 12. Schematic of Procedure A.

Procedure B: Absorption by ponding

This method allows the measurement of absorption where the surface exposed to the water is the
top surface. Thus, gravity will be an additional force to accelerate the penetration of the water
into the specimen. Depending on the end use application of the concrete, absorption either
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against or with gravity may be a more appropriate measure. For example, for the top surface of
concrete pavements, absorption with gravity is perhaps more relevant.

1.

Use strip caulk and duct tape to build a dam around the edge of the top of the specimen.
Make sure that the caulk adheres tightly to the specimen. The dam should be about 10 mm in
height. If the dam is built in such a way that it does not lay on the top of the specimen, the
test surface area is equal to the top section of the specimen.
Again, determine the mass of the specimen with sides and bottom sealed, and with the dam
on the top side. Record this value as the initial mass for rate of absorption calculations.
Fill the dam on top of the specimen with tap water up to the top of the dam and immediately
record the time.
After 60 + 2 s, pour the water out of the test specimen, stop the stopwatch, and blot off any
surface water with a dampened tissue or cloth and measure the mass within 15 s.
Immediately refill the dam on top of the specimen with water and restart the stopwatch.
Repeat steps 4 and 5 after total elapsed contact times of 5, 10, 20, 30, and 60 min (+ 10 s)
from first contact of the specimen with water. Continue the measurements every hour up to 6
h and once a day up to 28 d from the first contact of the specimen with water. To avoid
evaporation of the water when the measurements are longer than 1 h, cover the specimen
loosely with plastic wrap.

Figure 13. Schematic of Procedure B.

Calculations

1.

The initial rate of absorption, I, is the change in mass (g) divided by both the cross-sectional
area of the test specimen (mm?) and the density of water at the temperature recorded. The
density of water depends on its temperature. However, the effect of this variation with the
temperature is not significant in this procedure, so the temperature measurement is not
required. The density of the water could be assumed to be 1.00 g/mL (0.001 g/mm>).

The initial water absorption (mm/min”) is defined as the slope of the line of I plotted against
the square root of time (min”). Obtain this slope using least-squares, linear regression to
establish the plot of I vs. time”. Do not include the origin (measurement at 1 min) as a datum

36



point.* Use all the points in the regression until the plot shows a clear change of slope. If no
portion of the curve I vs. time” data is linear (a regression coefficient of less than 0.98) and
the data show some systematic curvature, absorption cannot be determined. An example is
given in Appendix A-1.

Obtain the water absorption at later age (after the line plotted in step 2 shows a change in
slope) using least-squares, lmear regression to determine the slope of the second portion of
the plotted points for I vs. tlme Include only points for times from 1 (to 7) d to 28 d. If no
portion of the curve I vs. time” data is linear (a regressmn coefficient of less than 0.98) and
the data show some systematic curvature in the region, absorption at later age cannot be
determined.

Report

An example report is given in Appendix A-1. Report the following:

Date sampled or date cast;
Source of sample;

Relevant background information on sample such as mixture proportions, curing history,
type of finishing, and age, if available;

Dimensions and dry mass of the test specimen;
A plot of the absorption vs. square root of time;

The average initial water absorption calculated to 0.1 mm/min” and the individual absorption
rates for the two specimens.

1If the initial water absorption could not be derived from all the data points as discussed in the
calculation section, indicate which data points are omitted.

Report the time (h) at which the slope of the line changes.

The average later age water absorption calculated to 0.1 mm/min” and the individual
absorption rates of the two specimens tested. _

If the later age water absorption could not be derived from all the data points as discussed
previously, indicate which data points were omitted.

* The initial change in mass up to 1 min is often higher than for subsequent time intervals in part
because it corresponds to water absorbed on the outer surface in contact with the water and not
absorbed inside the specimen (in the pores).
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APPENDIX A-1. EXAMPLE RATE OF ABSORPTION TEST

Cast Date: 3/2/99 Test Date: 3/14/00

Sample No. F-68 Concrete Mixture: 35% fly ash / w/cm = 0.45
Sample Conditioning: Cast, steam cured, test face = top surface

Sample: Age 378 days Age at coring: NA

Mass of Conditioned disc: 750.5 g (prior to sealing sides)

Diameter (mm): 101.6 Area: 8107.1 mm®

Thickness (mm): 50.8

Water temp: 20.7°C

Test Time \Time Mass AMass  AMass/area =1
Days min | [min”]  [g] [g] [mm]

0 0.0 761.83 0.00 0.0000
1 1.0 762.45 0.62 0.0765
5 2.2 762.46 0.63 0.0780
10 3.2 762.48 0.65 0.0805
20 4.5 762.50 0.67 0.0826
30 5.5 76257 0.74 0.0913
60 7.7 762.63 0.80 0.0987
120 11.0 76268 0.85 0.1048
180 134 76273 0.90 0.1110
240 15.5 762.77 0.94 0.1159
300 17.3 762.81 0.98 0.1209
360 19.0 76282 0.99 0.1221
420 20.5 762.84 1.01 0.1250
1 1537 39.2 763.05 1.22 0.1505
2 3220 56.7 763.12 1.29 0.1591
3 4475 66.9 763.15 1.32 0.1628
4 8793 93.8 763.39 1.56 0.1924
7 10370 | 101.8 76345 1.62 0.1998
8 11540 | 1074 76348 1.65 0.2035
9 13225 | 1156.0 76358 1.75 0.2159
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EQUATION OF LINE:

Initial Absorption
1 =St +b. (points measured during the first day are used, excluding the point at origin)

S= 2.63x 10° mm/Nminb=0.741x 10>  r= 098
Later age Absorption
I =St +b. (points measured after the first day are used)

S= 0877 x10° mm/Nmin. b=0.11x10% r= 098
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APPENDIX B. CONCLIFE USER’S MANUAL

INSTALLATION

If installing CONCLIFE from a CD, access the CD-ROM drive and double click the
INSTALL.BAT icon. If downloading CONCLIFE from the web, uncompress the zip file and
double-click INSTALL.BAT. The installation program will give the user the option of changing
the CONCLIFE program directory; if the default location is acceptable, press the OK button.
Once installation is completed, start CONCLIFE by accessing it in the
Start/Programs/CONCLIFE menu choice.

Minimum configuration required:

e Pentium™ P5° (80585) — 100 MHz Processor or better.

e  Windows 95/98™ Windows ME™, Windows 2000™, or Windows NT™ operating
system.
64 Mb RAM

SVGA (1024x768x8bpp) or higher resolution monitor.

MAIN CONCLIFE SCREENS

CONCLIFE allows the user to create, conduct, and save numerous analyses, each called an
“analysis set.” In each analysis set, the user specifies concrete material properties, environmental
conditions, the sorptivity of the concrete over time, and the level of concrete spalling at which
failure as defined by the user occurs. CONCLIFE then estimates the service life of the concrete
based on deterioration from either sulfate attack or freeze-thaw. The CONCLIFE screens needed
to complete these steps are shown in turn.

3 Certain commercial products are identified to completely specify the research program. In no case fioes such
identification imply endorsement by NIST or the FHWA or that the identified products are the best available for the

purpose.
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Figure 14. CONCLIFE main window showing sulfate attack tab panel.

The Analysis window, shown in figure 14, has three main areas: the Analysis set section, the
Sulfate attack tab panel, and the Freeze-thaw tab panel.

Analysis Set Section

The Analysis set section maintains the database of CONCLIFE analysis sets. The drop-down
box lists the current set of saved analyses. To create a new analysis set, press the New button;
the user will be asked to enter a name for this new analysis. The Delete button will delete the
currently displayed analysis (after asking for confirmation). The Set all to defaults button will
set all of the sulfate attack and freeze-thaw parameter values in the currently displayed analysis
set to their default values (after asking for confirmation).
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Use the Pavement or Bridge deck button to specify whether a concrete pavement or bridge deck
1s being analyzed. This is an important distinction: because of the differences in their geometries
and thermal boundary conditions, the temperature and time-of-wetness behavior of concrete
pavements and bridge decks will be different, even when they are produced from the same
materials and placed in the same geographical location. For example, departments of
transportation often post “bridge freezes before road surface” signs because concrete suspended
above ground freezes sooner than the same type of concrete in direct contact with the ground.
CONCLIFE models this difference by maintaining separate pavement and bridge deck time-of-
wetness files for each of the 13 sample geographical locations provided.

Sulfate Attack Tab Panel

The Sulfate attack tab panel is divided into four major areas: Input parameters, Time of
wetness, Sorptivity function, and Service life.

Input Parameters

The Sulfate attack tab panel uses a model based on the Atkinson and Hearne model,’” which
requires the following parameters, shown in the Input parameters section:

1. Measured elastic modulus of the concrete in GPa (default value is 44 GPa as measured on
Rhode Island concrete) — the elastic modulus is the ratio of applied stress to the measured
strain for the initial elastic region of the response obtained during a compression test.('”

2. Geometrical factor to account for the roughness of the fracture path through the concrete
(zero to one, one is the default”).

3. Linear strain caused by the reaction of sulfate ions to form one mole of ettringite

(expressed in units of m*/mol x 107, with a default value of 1.8x 107 equal to one-

third of the bulk expansion caused by one mole of ettringite formation).

Concrete fracture surface energy (in N/m (or J/m?), default value is 10 N/m7).

Poisson’s ratio for the concrete (0.3 is the default value) — it is the ratio of the transverse

contraction per unit dimension of a bar of uniform cross-section to its elongation per unit

length, when subjected to a tensile stress; for concrete evaluated in compression,' it is
the ratio of the transverse strain at the midheight of the specimen (expansion) to the
longitudinal strain (compression).

6. Concrete porosity (percent, default value of 14 percent as measured on Rhode Island
concrete).

7. Sulfate ion concentration of the solution (precipitation or condensation) to which the
concrete is being exposed (in units of mol/liter, default value of 0.001 M) — measured
sulfate ion concentrations in precipitation at a variety of geographical locations
throughout the United States are available at the website of the National Atmospheric
Deposition Program (http://nadp.sws.uiuc.edu).

v e

CONCLIFE provides default values (as given above) for each of these parameters. However,
whenever possible, users should use their own values from experimental measurements made on
the concrete and/or environment under analysis.
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Time of Wetness

After specifying the concrete material properties, the user next selects in the Time of wetness
section the environment to which the concrete is exposed. Environmental data can be specified
in one of two ways. First, the user can select a typical time-of-wetness history from the Weather
data drop-down box or by pressing the Use map button and selecting a city. These default time-
of-wetness data files, generated from typical meteorological year data (TMY2DATA) files
provided by the NREL,® are based on specific geometries for the pavements and bridge decks as
shown in figure 9 and a specific set of thermal properties for the concrete and pavement subbase
as provided in table 8. (See below for a description on how to change these default data on
geometry and thermal properties.)

To view the weather data, press the View weather data button. This will display a histogram of
the duration of each wetting event during the year for the geographical location currently shown
in the weather data text box. These features will be discussed in more detail below.

A second, simpler model of environmental data can instead be specified by inputting “regular”
rainfalls in the Rainfalls/yr and Duration (h) fields. In this case, specify the number of rainfalls
per year, the duration of each rainfall, and the typical RH of the concrete just prior to the rainfall.
Whether using the time-of-wetness histories or using the regular rainfall data, CONCLIFE uses
these weather data to model the concrete’s sorption of water over time. Generally, when users
have some idea of the geographical location of the concrete in question, they should utilize the
weather data files to obtain a more accurate performance prediction.

Sorptivity Function

The Sorptivity function section is used to input, view, and potentially generate the function
describing the sorptivity of the concrete under analysis. Input the values that describe the
concrete’s sorptivity over time (where time is measured in minutes and sorptivities in mm). As
described in Reference (6), experimental sorptivity vs. time curves typically exhibit distinct
behavior at early times and at later times. Both behaviors can be fit by a square root of time
function with an intercept term. The nick-point time is the time when the sorptivity switches
from the early-age behavior to the later-age behavior. The parameters describing the sorptivity
can be determined either by (1) using an analysis tool outside of CONCLIFE, such as a
spreadsheet, or (2) using the Compute sorptivity function window in CONCLIFE (accessed by
pressing the Compute function button in the Sorptivity function section of the Sulfate attack
tab panel). To compute a sorptivity from available measured experimental data, see the
Compute sorptivity function section below. The user will also need to provide the measured
concrete RH prior to sorptivity testing, as described in the sorptivity test provided in Appendix
A. To view a graph of the current sorptivity function, press the View button.

Service Life
In the Service life section, input the criteria for concrete failure (measured in terms of m-depth

of spalled concrete). When users have input all parameters for the four sections, they should
press the Calculate button to have CONCLIFE estimate the time required for spalling caused by
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sulfate attack to reach this depth. The user may press the View button to view a graph of this
spalling over time.

Freeze-Thaw Tab Panel

Estimating freeze-thaw deterioration, the second degradation mechanism that CONCLIFE
models, is analogous to that for sulfate attack. The Freeze-thaw tab panel, shown in figure 15,
has the same four sections as the Sulfate attack tab panel: Input parameters, Time of wetness,
Sorptivity function, and Service life.
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Figure 15. Freeze-thaw tab panel.
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Input Parameters

The freeze-thaw model is based on the work of Fagerlund,(s) and requires the following
parameters:

1. Critical saturation (zero to one) of the air void system necessary to cause damage during
a freezing event gdefault value of 0.85;® this value could be obtained by conducting
freeze-thaw tests®” on concretes of various saturation levels or assessing the change in
saturation level during the freeze-thaw testing).

2. Concrete porosity (percent).

3. Concrete air void content (percent).
Input these values in their corresponding fields in the Input parameters section.
Time of Wetness

The freeze-thaw model uses only the time-of-wetness data files generated from typical
meteorological year data (TMY2DATA) files provided by the NREL,® not any user-specified
constant values. Select a particular location from the Weather data drop-down box, or press the
Use map button to select from the geographical map. See below for a description of how to
create your own time-of-wetness files using a different geometry or thermal properties than the
defaults provided above in figure 9 and table 8.

Sorptivity Function

Values for the sorptivity function are input in the same fashion as for the sulfate attack model. To
use the same function being used in the Sulfate attack tab panel, checkmark the Use sulfate
attack sorptivity function box.

Service Life
As with the sulfate attack model, failure is measured in terms of the depth of spalled concrete.
After inputting this depth (in m) and verifying all other input parameters, calculate the estimated

time for failure to be reached by pressing the Calculate button. A graph of this spalling can be
viewed by pressing the View button.
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SUPPLEMENTARY CONCLIFE SCREENS

CONCLIFE also provides windows for: constructing new weather data files using your own
concrete and environmental data; constructing sorptivity functions using laboratory data; and
displaying weather data, sorptivity functions, and spalling over time.

Edit Own Weather Data Window

In addition to the supplied weather data files in the Sulfate attack and Freeze-thaw tab panels,
users can create their own weather data files based on their own data on the geometry of the
concrete structure and the thermal properties of the concrete and the soil subbase. To access the
Generate own data window (figure 16), checkmark the Use own box in the Time of wetness
section of either model and press the Edit button that appears.

| ™ Generate own data

e

Set #:0- Default sets

Figure 16. Generate own data window.
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Up to six weather data sets can be created for each city listed in the Weather data drop-down
boxes of the Sulfate attack and Freeze-thaw tab panels. To create a new own-data set in the
Generate own data window, select the set in the Thermal set drop-down box.

Be sure to name the set so that it is recognizable in future work. Edit the slab and subbase values
for thickness (there is no subbase for a bridge deck) and thermal properties. When done, press
the Go button to create the new weather data set (this may take up to 10 min). When the new set
is created, it will appear as a choice in the Own data drop-down boxes in the Sulfate attack and
Freeze-thaw tab panels; if the user doesn’t press Go, the set will be saved in this Generate own
data window but will not appear in the Sulfate attack and Freeze-thaw tab panels.

Compute Sorptivity Function Window

If the user has sorptivity data generated from the developed laboratory test for sorptivity
(Appendix A), CONCLIFE can estimate a sorptivity function based on these data. In the
Sorptivity function section of either the Sulfate attack or Freeze-thaw tab panels, press the
Compute function button to access the Compute sorptivity function window (shown in figure
17). Input the laboratory data in the spreadsheet on the left (clear any old data by pressing the
Clear button), then press the Compute function button. If the computed sorptivity parameters
are acceptable, press the Use this function button; the sorptivity values in the Sulfate attack tab
panel will then be updated. Press the Cancel button to exit this screen without updating the
sulfate attack sorptivity function.
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Figure 17. Screen for computing sorptivity function from measured data.
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Graphs and Maps

A number of graphs and maps are provided throughout CONCLIFE to aid in the understanding
of the environmental data, of the sorptivity of concrete over time, and of the spalling of concrete
over time.

U.S. Map for Weather Locations

The weather location map, shown in figure 18, displays the cities for which CONCLIFE provides
time-of-wetness data. Select sample weather data for a particular city by clicking on the city
name. To access this map, press the Use map button in the Time of wetness section of either the
Sulfate attack 6r the Freeze-thaw tab panels.

Figure 18. Map of weather data cities.

49



Sorptivity Function Graph

A graph of the current sorptivity function (figure 19) can be viewed by pressing the View button
in the Sorptivity function section of either the Sulfate attack or Freeze-thaw tab panels. The
graph can be printed by selecting the Print/Graph selection from the menu.
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Figure 19. Graph of typical sorptivity function.
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Weather Data Graph
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Spalling Graph

A graph of estimated spalling over time (figure 21) can be viewed for either model by pressing
the View button in the Estimated failure section. (The View button appears only if the service
life has been estimated.) It can be observed that the spalling occurs as a series of discrete
spalling events at various times during the service life of the concrete. To print this graph, select
Print/Graph from the CONCLIFE menu.
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Figure 21. Graph of estimated spalling over time for a pavement in Providence, RI, exposed to
sulfate attack.
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EXAMPLE ANALYSES

To illustrate the use of CONCLIFE, this section describes an analysis performed by NIST® that
compared the predicted service lives of concrete pavements in Rhode Island and Missouri. The

parameters and assumptions used in this analysis can be found in the analysis set “Example
analysis” included with CONCLIFE.

NIST, with cooperation from the Rhode Island and Missouri Departments of Transportation
(DOTs), measured and developed estimates of the material characteristics, structural geometries,
and environmental conditions of sample concrete pavements in the two States, and then used
CONCLIFE to estimate service lives. NIST first measured the elastic moduli and sorptivity
coefficients of concrete cores obtained from the two States’ DOTs.® The measured values are
shown in tables 6 and 7.

Air content of the concretes was assumed to be a marginal air void system with only 2 percent
air. The sulfate concentration of the rainwater/condensation was estimated to be 0.001 mol/L, the
concrete porosity to be 14 percent (based on measurements on the Rhode Island cores), and the
critical saturation of the air void system necessary to cause freeze-thaw damage to be 0.85.
Pavement “failure” in both States was defined as spalling in excess of 0.05 m. Figures 14 and 15
show these and the other values used in the CONCLIFE analysis of the Rhode Island pavement.
Figures 22 and 23 show the corresponding screens for the Missouri Rt. 65 driving lane concrete.
The resulting CONCLIFE estimates of the service lives are shown in table 9.
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Figure 22. CONCLIFE sulfate attack tab panel for concrete pavement from Missouri Rt. 65
driving lane.

Table 9. Predicted service lives for the concretes.©

Degradation Mode | Rhode Island Missouri Rt. 65 Missouri Rt. 13
| Driving Lane Driving Lane
Sulfate attack 54.8 years > 99 years > 99 years
Freeze-thaw 67.0 years > 99 years | > 99 years

The very low sorptivities of the Missouri concretes result in estimated sulfate attack and freeze-
thaw service lives that exceed 99 years (the maximum computed lifetime in the CONCLIFE
software). The higher I, (early age) and S (later age) values for the Rhode Island concrete result
in sulfate attack and freeze-thaw predicted service lives of about 55 years and 67 years,
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