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PREFACE 

In December 1991, the American Concrete Institute sponsored an international 
conference on Evaluation and Rehabilitation of Concrete Structures and 
innovations in Design. This was in keeping with the mission of the Institute, and 
its focus on emerging concrete technology in the Pacific Rim region, and to 
provide technical support for a growing number in AC1 International chapters and 
members. The conference was held in Hong Kong, December 2-6, 1991. More 
than 80 papers were in the conference proceedings published by AC1 as SP-128. 

As a follow-up to the very successful Hong Kong conference, the AC1 Board of 
Direction approved a second international conference to be held in 1994. The 
theme of the conference, held in Singapore, was High-Petformance Concrete. The 
proceedings of this conference were published as ACI SP-149. The third 
international conference in this series was held in 1997 in Kuala Lumpur. The 
theme of the conference was High-Petformance Concrete, Design and Materials, 
and Recent Advances in Concrete Technoloa. The proceedings of the conference 
were published as AC1 SP- 172. 

In September 2000, the American Concrete Institute sponsored the AC1 fourth 
internationai conference in Seoul, Korea. This conference was titled Repair, 
Rehabilitation, and Maintenance of Concrete Structures, and Innovations in 
Design and Construction. More than 100 papers from 25 countries were reviewed 
in accordance with AC1 review procedures. Sixîy-two papers were accepted for 
publication as AC1 SP-193, and 20 were selected for presentation and for 
publication as supplementary papers. 

To all those authors whose submissions could not be included in the conference 
program the Institute and the International Conference Executive Steering 
Committee extend their appreciation for their interest and hard work. Special 
thanks are extended to members of the AC1 Review Panel who met in December 
1999 to review the submissions. Without their prompt review and constructive 
comments, it would not have been possible to publish AC1 SP-193 for distribution 
at the conference. The cooperation of the authors in accepting reviewers’ 
suggestions and revising their manuscripts accordingly is greatly appreciated. 

The help and assistance of William R. Tolley, AC1 Senior Managing Director, 
and his staff in performing the administrative duties associated with this 
conference, are gratefully acknowledged. Particular thanks are extended to 
Barbara Cheyne, SpeakerManuscript Liason Officer, for her devotion to the 
conference work and for performing tasks sometimes well beyond the call of duty. 

Editor 

V. M. Malhotra, Chairman 
AC1 2000 Fourth International Conference on 
Repair Rehabilitation, and Maintenance 
of Concrete Structures, and Innovations 
in Design and Construction 
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Curing of High-Performance Concrete for 
Strength-What is Sufficient? 

by N. J. Carino and K. W. Meeks 

Synopsis: This paper reports the results of an exploratory study on the effects of 
curing duration on the variation of mortar strength with distance from the 
drying surface. A novel, notched cylindrical test specimen was adopted for 
measuring tensile strength at different depths. Two mortar mixtures with wlc of 
0.30 and 0.45 were used; the former was assumed to be representative of the 
paste system in a high-performance concrete. Specimens were moist cured for (1, 
3, or 7) d and then exposed to air at 25 "C and 50 % or 70 Y' RH. The cylinders 
were sealed to simulate one-dimensional drying in a large member. Tensile 
strengths were measured at 28 d. Relationships between tensile strength and 
depth were compared with those of specimens continuously moist cured. The 
data tended to show that 1 d of moist curing might be sufficient to ensure 
adequate strength development at a depth of 25 mm from the exposed surface. 
The phenomenon of increasing strength with drying may have confounded the 
results, and recommendations for additional studies are provided. 

Kevwords: curing; drying; high-performance concrete; mortar; tensile strength 
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2 Carina and Meeks 

AC1 Fellow Nicholas J. Carino is a research structural engineer in the Structures 
Division at the National Institute of Standards and Technology. His research 
interests are in the areas of nondestructive testing, standard test methods, and 
high-performance concrete. He currently serves on the Institute’s Technical 
Activities Committee. 

AC1 member Kenneth W. Meeks is a professor in the Department of Civil and 
Environmental Engineering at Tri-State University in Indiana. He teaches courses 
in reinforced concrete design and concrete technology. The work reported here 
was done in partial fulfillment of the requirements of a Doctor of Science degree 
from The George Washington University. 

BACKGROUND 

Motivation for Study 

In 1990, the National Institute of Standards and Technology (NiST) organized 

Identify ongoing and planned research programs on high-performance 
concrete; 
Identify potential applications where high-performance concrete could be 
used on a routine basis; 
Identify technical barriers to widespread use of high-performance 
concrete; 
Identify institutional barriers and deficiencies in standards which hinder 
the use of high-performance concrete; 
Develop a listing of critical research to overcome the technical barriers 
and provide a sound basis for the needed standards. 

an international workshop to: 

The workshop, Co-sponsored by the American Concrete Institute, was 
attended by prominent international experts in various aspects of concrete 
technology. The workshop proceedings (Carino and Clifton 1990) adopted the 
following definition of high-performance concrete: 

Concrefe having desired properties and uniformity which cannot be obtained 
routinely using only conventional constituents and normal mixing, placing, and 
curing practice. As examples, these properties my include: 

Enhanced long-term mechanical properties 
High early-age strength 
High foughness 
Volume stability 

Ease of placement and compacfion without segregation 

Long &fe in severe environments 
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The above definition was modified and adopted in 1998 as the AC1 definition 

Concrete meeting special combinations of performance and uniformity 
requirements that cannot always be achieved routinely using conventional 
constituents and normal mixing, placing, and curing practices. 

of high-performance concrete, as follows (Russell 1999): 

Examples of desired characteristics were included in a "commentary" to the 
ACI-definition. The above definitions have been criticized as being too broad and 
not practical for specification purposes. Consequently, others (Zia et al. 1991; 
Godspeed et al. .1996) have defined different classes of high-performance 
concrete with specific properties. in general, the majority of high-performance 
concretes used in North America can be characterized as concretes with water- 
cementitious materials ratios (w/cm) lower than about 0.4. The term "water- 
cementitious materials ratio" is used instead of "water-cement ratio" because 
other cementitious materials (pozzolans or ground slag) besides portland cement 
are typically used to produce highperformance concrete. Thus high- 
performance concrete typically has high compressive strength and high 
resistance to fluid penetration. 

The proceedings of the NIST/ACI workshop provided an outline of primary 

e Materials and proportioning 
Processing and curing 

e Durability and test methods 
Structural performance and design 
Standards and acceptance criteria 

The outline of research needs has provided a roadmap for a multi-faceted, 
long-term research program on high-performance concrete at the National 
institute of Standards and Technology. The following research needs related 
specifically to curing were identified (Carino and Clifton 1990): 

e Evaluate the effectiveness of moist curing considering the completeness 
of hydration as a function of time; 
Seek an understanding of interactions between ambient exposure 
conditions, mixture rheology, and needed evaporation control measures; 
Develop a more comprehensive understanding of the effects of internal 
curing temperature, and develop guidelines for curing high-performance 
concrete based on sound technical knowledge. 

and secondary research needs within the following general areas: 

Mechanical properties and test methods 

One of the first curing-related studies in the NIST program established the 
applicability of the maturity method to high-performance concrete (Carino et al. 
1992). The study that is reported in this paper represents the initial experimental 
effort to establish the basis for the duration of the moist curing period for high- 
performance concrete. Prior to initiating the experimental program, the authors 
prepared a report on the state-of-the-art related to curing of high-performance 
concrete (Meeks and Carino 1999). That report covered the following topics: 

Review of the characteristics of high-performance concrete; 
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Recommended research needs. 

Review of the physical and chemical properties of cement paste related to 
curing; 
Historical review of the AC1 building code requirements for curing; 
Review of other curing recommendations, standards, and criteria; 
Review of recent research on curing requirements; 

Curing Requirements in the AC1 Building Code 

A review of the predecessors to AC1 318-95 revealed that the general 
requirements for curing of concrete have changed very little since the first 
standard regulations were proposed in 1909 (Meeks and Carino 1999). The basic 
requirement has been to cure concrete made with normal portland cement for a 
period of at least 7 d and to cure high-early-strength concrete for at least 3 d. 

Tests reported by Price (1951) indicated that normal strength concrete that is 
moist cured for 7 d and then stored in air will attain approximately the same 28- 
day strength as if it had been continuously moist cured. These tests provide 
validation of the 7-day criterion in the AC1 Code. Since high-early-strength 
concrete will gain strength more rapidly, the Code permits a $day curing period. 

In the 1971 Code, a requirement was added to maintain the concrete 
temperature above 10 "C during the curing period. This addition is to ensure that 
sufficient strength development will occur during the prescribed minimum 
curing periods. In addition, a new provision was added for checking the 
adequacy of curing procedures based on strength tests of field-cured cylinders. 
Both requirements were carried over to the 1995 version of AC1 318. 

The AC1 Code, however, makes no distinction between strength and 
durability considerations with regard to curing requirements. Since AC1 318 
deals primarily with structural safety, the provisions are intended primarily to 
ensure adequate structural capacity. The only explicit mention of durability in 
relation to curing is contained in the provisions (originally added in 1971) 
dealing with accelerated curing. 

The AC1 Code also does not address curing requirements for concretes made 
with other, cementitious materials besides portland cement. Since the nature of 
the cementitious system affects early-age strength development characteristics, 
this omission may be a major deficiency in the current Code. 

Applicability of Curing Practices to High-Performance Concrete 

Carino and Meeks (1999) concluded that current curing practices and 
standards are based on studies related primarily to strength development 
characteristics of conventional (ordinary) concretes. Most high-performance 
concretes, however, are fundamentally different from Conventional concrete, 
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because they typically have a low water-cementitious materials ratio (wlcrn) and 
one or more admixtures. In addition, supplementary cementitious materials, 
such as silica fume, fly ash, and ground slag, are commonly used in practicable 
mixtures to achieve high strength, low permeability, reduced temperature rise, 
and economy. High range water-reducing admixtures are used typicaiiy to 
provide workability. Cice the composition of high-performance concrete differs 
from conventional mixtures, early-age characteristics of the hydrating paste will 
also differ. Therefore, existing curing practices, may not be optimal for high- 
performance concrete. A better understanding is needed of the role of an external 
supply of moisture and of the adequacy of membrane-forming compounds when 
a low w/cm is involved. 

The effects of self-desiccation are also important considerations in high- 
performance concretes with low w/m. Self-desiccation refers to the process by 
which concrete dries itself from the inside. Moisture in the paste is consumed by 
the hydration reactions, and the internal relative humidity may decrease to the 
point where there is not enough remaining free water to sustain hydration. 
Consequently, hydration will terminate at an early age if additional moisture is 
not provided. To prevent early-age self-desiccation, water that is consumed by 
hydration needs to be replaced by the ingress of external moisture. Therefore, the 
common practice of sealing concrete with a membrane-forming compound may 
not be a appropriate curing practice for low w / m  concrete. However, for how 
long is moist-curing effective? As hydration proceeds, capillary pores in the 
paste become discontinuous, thereby hindering the ingress of additional water 
into the concrete. When this state is reached, additional moist curing may be of 
little, or no, benefit, because the water may not be able to penetrate to the interior 
quickly enough to maintain saturation of the capillaries and sustain hydration. 
Current curing requirements, based on research on conventional concrete, do not 
consider these factors. 

One of the most controversial topics that emerged from the literature review 
by Meeks and Carino (1999) concerns the sensitivity of various properties of 
high-performance concrete to different curing conditions. Some researchers have 
reported that high-performance concrete is more sensitive to the details of curing 
than normal concrete; whereas, others have found the opposite to be true, at least 
for some properties. These differences may be attributed to the different 
experimental procedures that have been used. For example, Hasni et al. (1994) 
reported that the use of silica fume makes high-performance concrete more 
sensitive to different curing methods when considering both strength and 
durability properties. in addition, they reported that high-performance concrete 
with silica fume is more sensitive to different curing methods than is normal 
concrete for characteristics such as compressive and flexural strength, depth of 
carbonation, and microcracking. Comparison of high-performance concrete 
without silica fume with normal concrete showed that normal concrete was more 
sensitive to the curing method for these same properties. With respect to 
resistance to penetration of chloride ions, results showed that high-performance 
concretes with and without silica fume, as well as normal concrete, were 
insensitive to the curing method. 
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Results of work in Norway that was summarized by Gj0rv (1991) generally 
agree with the findings by Hasni et al. (1994). Gjarv reported that the use of silica 
fume makes concrete more sensitive to proper curing compared with normal 
concrete. Silica-fume concrete is more vulnerable to plastic shrinkage cracking 
than normal concrete, which necessitates good, early-age, curing practices to 
control this tendency. Another reason cited by Gj0rv for why silica-fume 
concrete is more sensitive to proper curing is related to the effects of drying on 
strength properties. Good curing practices must be used to prevent early drying, 
which can reduce tensile and flexural strengths of silica-fume concrete more than 
for normal concrete. 

Torii and Kawamura (1994) also reported on the effects of curing on 
mechanical and durability-related properties of concrete, and some of their 
results do not agree with those summarized in the previous paragraphs. Their 
results indicated that the detrimental effects of poor curing practices on pore 
structure are more significant in normal-strength concrete than in high-strength 
concrete with silica fume. In their studies, high-strength concrete in which 8 YO of 
the mass of cement was replaced by silica fume apparently developed a dense 
pore structure at early ages regardless of curing method. This independence of 
the curing method is attributed to the use of a low w/cm (0.30) and the rapid 
early-age pozzolanic reactions of the silica fume. Tests for resistance to chloride 
ion penetration and carbonation depth also showed that high-strength concrete, 
both with and without silica fume, was less affected by poor curing conditions 
than normal concrete. This can be attributed to the fact that concrete with a low 
w/cm may attain a low porosity paste at a lower degree of hydration than 
concrete with a higher w/cm. Comparisons between high-strength concretes, with 
and without silica fume, revealed that the silica-fume concrete was less affected 
by changes in curing method, when considering resistance to chloride ion 
penetration and carbonation. Carino and Meeks (1999) conclude that additional 
studies are needed to reconcile these conflicting conclusions regarding the 
sensitivity of low w/cm concrete to the curing method. 

Duration of Curing Period 

Hilsdorf and Co-workers (Hilsdorf and Burieke 1992; Hilsdorf 1995) have 
presented informative work on concrete curing. Their efforts include 
experimental and theoretical studies in the search for rational curing 
requirements. Although their work was not directed specifically to high- 
performance concrete, the underlying approaches are applicable to ail types of 
concrete. 

According to Hilsdorf and Burieke (1992), concretes can be distinguished by 
their curing sensitivity, which refers to the curing duration needed to reach some 
specified level of durability or strength. The long-term properties of concrete 
with low curing sensitivity would not be affected sigruficantly by the duration of 
the curing period. Curing sensitivity is affected by the characteristics of, the 
cementitious materials, mixture proportions, and the environment to which the 
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concrete is exposed after curing has been terminated. The latter factor affects the 
rate of moisture loss from exposed surfaces. The w/m of a particular concrete has 
a significant influence on the curing sensitivity. Concretes with low w/cm will 
gain strength faster and become impermeable sooner than those with higher 
w/crn. This is an important characteristic since it may mean that curing duration 
can be reduced in accordance with the w/m.  

Based on the above considerations, Hilsdorf summarized the four factors that 

Curing sensitivity of the concrete as influenced primarily by the 
cementitious system; 
Concrete temperature as it affects the rate of hydration (and, therefore, 
rate of strength development and reduction in porosity); 
Ambient conditions during and after curing as these affect the rate of 
strength development and severity of drying of the surface layer; 
Exposure conditions of the structure in service as these affect the required 
"skin" properties for adequate service life. 

must be considered in establishing minimum curing durations (Hilsdorf 1995): 

To establish minimum curing durations, Hilsdorf emphasized that 
attainment of compressive strength is not the only criterion that must be 
considered; other possible criteria include the following: 

Depth of carbonation 
Permeability 
Maturity or degree of hydration 

The depth of carbonation must be controlled to ensure that the reinforcing 
steel is surrounded by an alkaline environment and remains in a passive state. 
The minimum duration of curing for adequate resistance to carbonation depends 
on the depth of cover, the desired service life, the relationship between time and 
depth of carbonation, and the relationship between concrete permeability and 
carbonation. Given this information, additional relationships between 
permeability, water-cement ratio, and time can be used to estimate the minimum 
duration of curing (see Meeks and Carino [1999] for a summary). It should be 
noted that carbonation is not a pervasive problem in North America compared 
with other regions. This can be attributed, in general, to the deeper cover over 
reinforcing steel and overall better quality of the concrete in North America. 

The permeability criterion is a more general form of the carbonation criterion. 
in this case, the minimum curing duration is based on achieving a certain level of 
impermeability as measured by a specific test method. One difficulty in using the 
permeability criterion is the selection of the critical level of impermeability 
because there is insufficient knowledge of the relationships between measured 
permeability values and long-term durability. 

In the degree of hydration or maturity criterion, the minimum duration of 
curing is based on the concrete reaching a specified degree of hydration or 
maturity. Once the required degree of hydration is defined, empirical 
relationships between time, temperature, and degree of hydration (or maturity) 
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can be used to estimate the minimum curing duration. The empirical 
relationships are expected to be affected by the characteristics of the cementitious 
system in the concrete. As is the case with the permeability criterion, there is 
insufficient knowledge to relate the minimum degree of hydration (or maturity) 
at the end of the curing period with long-term performance. 

A compressive strength criterion may involve one of two approaches: 

1. RZ-Concept: The concrete is cured until it attains a specified minimum 
strength. As an example, a suggested minimum strength is the strength after 7 
d of moist curing that would be obtained by a reference concrete with a water- 
cement ratio of 0.6 and made with the same materials as the concrete to be 
cured (Hilsdorf 1995). A water-cement ratio of 0.6 corresponds closely to the 
highest value for which capillary pores can become segmented with good 
curing. 

2. R2-Concept: The concrete is cured until the in-place compressive strength 
reaches a prescribed fraction of the 28-day specified compressive strength so 
that at 28 d the concrete at a prescribed depth will attain the specified 
strength. 

The R1-Concept offers the advantage that the use of mixtures with low 
water-cement ratios or having rapid early strength development can reduce the 
curing period. This criterion may be applicable when durability is of concern, 
because it has been established that, for a given concrete, there is a “reasonably 
reliable” correlation between compressive strength and other durability-related 
characteristics (Hilsdorf and Burieke 1992; Ho and Lewis 1988). 

In the RZConcept, the curing duration is independent of the water-cement 
ratio, but it would depend on the rate of strength development. The Rî-Concept 
is appropriate when structural strength is of concern. The basic notion is that the 
concrete should be cured long enough so that the in-place strength at some depth 
below the surface attains the specified strength used to design the structure. This 
is illustrated schematically in Fig. 1, where the solid curve represents strength 
development of the concrete under standard curing and the dashed curve 
represents in-place strength development at some prescribed distance from the 
exposed surface. When curing is terminated, drying of the surface occurs and 
hydration ceases when the moisture content in the surface layer falls below a 
critical value. However, it will take time for the drying front to penetrate into the 
concrete. As result, the interior concrete continues to gain strength after curing is 
terminated. When the drying front reaches the prescribed depth, two things 
happen: (1) the strength increases due to drying and (2) the rate of hydration is 
reduced. Later, the concrete at the prescribed depth dries below a critical level 
and strength development ceases. The objective is to ensure that the two strength 
development curves cross at an age of 28 d or later. 

The question that has to be answered to implement the Rî-Concept is as 
follows: What fraction of the standard-cured strength has to be attained at the 
end of the curing period to ensure that the design strength is attained in the 
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interior of the member? AC1 Committee 308 (1998) specifies that the strength at 
the end of the curing period should be at least 0.7 of the design strength. Hilsdorf 
(1995) notes that this value is based on data obtained in the early 1950s, and 
those results may not be applicable to modem concretes. Hilsdorf suggests that a 
value of 0.7 may be conservative, and that research is needed to understand the 
dynamics of internal drying and strength development after curing is terminated 
for different types of modem concretes. 

Hilsdorf (1995) suggested that the curing period should be long enough so 
that at 28 d (or other applicable age) the concrete strength at the depth of the first 
layer of reinforcement will equal the design strength. The rationale for this 
requirement is to ensure that the bond strength (or development length) of the 
reinforcing steel will attain the value assumed in the structural design. Hilsdorf 
used analytical models to estimate the required curing duration. Diffusion theory 
was used to model the drying of the concrete from the exposed surface. It was 
assumed that the rate of hydration was not affected until the moisture content 
dropped below the value that is in equilibrium with a relative humidity of 90 %. 
The calculations were carried out for a concrete with a 28-day strength of 
40 MPa, for cements with different hardening rates, and for different values of 
ambient relative humidity (ambient temperature was 20 OC). The cover depth 
was taken conservatively as 25 mm. The results of the calculations are 
summarized in Fig. 2. 

The vertical axis in Fig. 2 represents the fraction of the standard-cured, 28- 
day strength when curing is terminated. The horizontal axis represents the 28- 
day strength at a depth of 25 mm expressed as a fraction of the 28-day design 
strength. The effects of different cement types were minor (see Hilsdorf 1995), 
and so the results of the calculations are shown as three curves, each 
representing a different ambient relative humidity. Based on these calculations, 
for an ambient relative humidity of 60 %O, curing may be terminated when the 
concrete has attained 0.6 of the standard-cured, 28-day strength. If the ambient 
relative humidity is 50 %, curing has to be maintained until 0.85 of the standard- 
cured strength is attained. On the other hand, if the ambient relative humidity is 
80 %O, only about 0.4 of the standard-cured strength has to be attained. The time 
required to achieve these fractional strengths at a specific temperature can be 
estimated from the strength development characteristics of the cement. 

In summary, Hilsdorf and co-workers presented a rational approach to 
establish the curing duration. A key factor affecting this duration is the 
controlling criterion for adequate long-term performance. Hilsdorfs studies 
showed that, in most cases, the critical curing duration was controlled by 
compressive strength criteria (Hilsdorf and Burieke 1992; Hilsdorf 1995). This is 
an important finding because it tends ta affirm that strength-based criteria may 
be the most practical approaches to evaluate the adequacy of curing, possibly 
even when durability is a primary concem. If preliminary testing of the specific 
concrete mixture to be used in construction results in a reliable correlation 
between strength and durability, in-place strength measurements would be a 
suitable method for assessing the adequacy of curing in the field. 
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OBJECTIVE AND SCOPE 

The exploratory study summarized in this paper examines the influence of 
the duration of moist curing on the variation of strength with distance from the 
drying surface. The strength at an age of 28 d was used as the basis for 
comparison. To simplify testing, mortar was used instead of concrete and only 
portland cement was used as the cementitious material. While these 
simplifications may limit the direct applicability of the results, it was felt that 
correct trends would be revealed. 

Two mortar mixtures with water-cement ratios of 0.30 and 0.45 were used; 
the former is intended to be representative of the hydration and drying behavior 
of a high-performance concrete with a low w/cm. Three moist curing periods 
were used: (1, 3, or 7) d. At the end of the moist-curing period, the specimens 
were sealed and allowed to dry at 25 "C at either 50 YO or 70 % relative humidity 
(RH). Reference specimens were continuously moist cured by storing them in a 
limewater bath. 

Tensile strength was measured at 28 d as a function of distance from the 
drying surface using cylindrical test specimens with circular notches cast at 
various depths. The notches created reduced cross sections that forced failures to 
occur at predetermined distances from the drying surface. The estimated average 
tensile strength at a depth of 25 mm was used as the basis for evaluating the 
influence of the different curing procedures. The objective was to determine the 
minimum duration of moist-curing so that the 28-day strength at 25 mm was not 
lower than the case of continuous moist-curing. 

Six curing treatments, in addition to continuous moist curing, were 
investigated for each water-cement ratio. Four notch depths were used for each 
treatment. Three replicate specimens were tested for each notch depth. For the 
continuously moist-cured specimens, two runs were used to establish the 
reproducibility of the results. Additional details of the experimental program 
may be found in the doctoral dissertation of the second author (Meeks 1997) and 
a summary report by Carino and Meeks (2000). 

EXPERIMENTAL PROCEDURE 

Table 1 lists the mixture proportions of the two mortars used to prepare the 
cylindrical specimens. The two mixtures were proportioned so that they had 
approximately the same volume fraction of paste. The water in the high-range 
water reducer was included as part of the mixing water. The sand was a graded 
silica sand that conformed to ASTM C 778. The portland cement was a sample of 
cement 116 issued by the ASTM Cement and Concrete Reference Laboratory 
(CCRL) in its proficiency sample program. Table 2 lists the degree of hydration 
versus age for curing of CCRL cement 116 under saturated conditions. These 
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data were obtained from the difference in mass measurements at 105 "C and 
950 O C  (Bentz 1997). Note that for the w/c = 0.30 paste, the long-term degree of 
hydration is about 70 YO because there is insufficient capillary porosity to 
accommodate the reaction products corresponding to complete hydration. 

The mortars were mixed in accordance with ASTM C 305. Plastic pipe with a 
nominal inside diameter of 50 mm was used to construct cylindrical molds with 
a length of about 125 mm. As shown in Fig. 3, each mold included a 5 mm thick 
ring with an inside diameter of about 40 mm. The ring created a reduced cross 
sectional area of about 64 YO of the full cross section. The rings were positioned at 
depths of (10, 20, 30 and 40) mm from the top surface. Each mold was filled in 
three layers, and consolidated with a rubber tamper plus a vibrating table to 
reduce the number of large air voids (see Meeks 1997). The top surface was 
smoothed with a trowel. At approximately 75 minutes from the start of mixing, 
the specimens were submerged carefully into a lime-saturated water bath at 
23 12 O C .  

Figure 4 summarizes the experimental procedure. At the end of the 
designated period of moist curing, the molds were removed and the bottoms and 
sides of the cylinders were covered with plastic "duct" tape so that subsequent 
drying would occur only from the top surface. The masses of the sealed 
specimens were measured, and the specimens were placed in the drying 
chambers. The masses of the drying specimens were measured periodically. At 
an age of 27 d the cylinders were prepared for tensile testing. The tape was 
removed from the cylinder bottoms, and the ends were sand blasted to expose 
clean surfaces. For the continuously moist-cured cylinders, the specimens were 
removed from the water bath and the sides were sealed with tape prior to sand 
blasting. Steel disks, 12.5 mm thick and with a central threaded hole, were 
bonded to the ends of the cylinders using a high-strength, structural grade 
epoxy. Precautions were taken to ensure that the disks were aligned properly 
with respect to the cylinders (Meeks 1997). The epoxy was allowed to cure 
overnight. 

On the 28Ih day, the specimens were tested in uniaxial tension. Tensile load 
was applied by a hydraulically-operated testing machine. The load was 
transferred to the disks through a "hook and eye" linkage to reduce bending 
(Meeks 1997; Carino and Meeks 2000). Load was applied by constant movement 
of the machine cross head so that the applied stress rate in the linear portion of 
the tests was 3.5 f 0.15 Wa/s. After testing was completed, the disks were 
removed carefully with a hammer and chisel, and the top portion of the cylinders 
were split in half using the splitting-tension loading method. The exposed 
surfaces were examined visually to estimate the depths of the drying fronts 
(indicated by the lighter shade). The drying front was more difficult to observe in 
the w/c = 0.45 specimens because of their generally lighter shade compared with 
the w/c = 0.30 specimens. 
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RESULTS 

The individual results of the tensile tests are reported in Carino and Meeks 
(2000) and shown here using scatter plots. Commercial statistical analysis 
software was used to establish relationships between the measured tensile 
strengths and the, depth of the failure surface, and to determine confidence 
intervals for the estimated average strength at a depth of 25 mm. The results for 
the continuously moist-cured specimens are used as the bases for comparisons. 

Continuously Moist-Cured Specimens 

There were two runs for the w/c = 0.30 and w/c = 0.45 specimens that were 
cured under water continuously for 27 days. The two runs were used to establish 
the details of the testing procedure and the batch-to-batch repeatability. In all 
cases except one, the failure plane was at the reduced cross section nearer to the 
top surface of the cylinder. With few exceptions, the coefficient of variation of 
replicate tests was found to be about 10 YO or less. This is not unreasonable for a 
direct tensile strength test that is more sensitive to testing errors than the typical 
compressive strength tests. Some individual test results were identified as 
outliers as is explained below. 

Figures 5(a) and 6(a) show the individual test results plotted as a function of 
the nominal depth of the failure surface. Contrary to expectation, there appears 
to be a tendency for increasing strength with distance from the top surface. To 
examine whether this trend is statistically significant, it was first necessary to 
establish whether the data for the two runs could be combined for the purpose of 
regression analysis. A linear fit was assumed and an F-test was used to compare 
the sum of the squares of the residuals for a separate regression for each run with 
the residuals for a single regression for both runs grouped together. See Carino et 
al. (1983) for the procedure to carry out this F-test. For each w/c, the results of the 
F-tests indicated insufficient evidence to reject the null hypothesis (no difference 
between the lines). Thus for each w/c, one line was fitted to the combined data 
from the two runs. 

The presence of outliers was examined by using normal probability plots of 
the residuals for the best-fit lines to all the data points. Figure 5(b) and 6(b) show 
the normal probability plots of the residuals when all points for each w/c were 
considered in fitting straight lines. If the residuals are normally distributed, 
which is a fundamental assumption of regression analysis, they should plot 
approximately along a straight line in a normal probability plot. 

z;ulc = 0.30-As shown in Fig. 5(b), when all data points are used, there are 
three points with large negative residuals that deviate from the straight line that 
would be defined by the remaining residuals. These three points were, therefore, 
considered as outliers and disregarded. Figure 5(a) shows the best-fit line to the 
combined data with outliers removed. The equation of the line is: 
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Y (MPa) = 3.55 MPa + 0.053 MPa/mm X (1) 

The residual standard deviation of the fit is 0.36 MPa. The slope of the l i e  is 
0.053 MPa/mm, and this value was found to be statistically significant (p c 
0.0001). The probability “p” in this case represents the likelihood that the 
calculated slope is due to chance. Thus a low value of “p” means it is unlikely 
that the calculated slope is due to chance. As is the custom, a probability value of 
less than 0.05 is adopted as an indicator of statistical significance. Figure 5(a) also 
shows, as dashed lines, the 95 YO confidence limits for the average strength as a 
function of depth. These confidence limits are used in subsequent data analyses 
as the basis for comparing the results for the various curing and drying 
regimens. Based on the straight-line relationship, the estimated average tensile 
strength at a depth of 25 mm is 4.88 MPa, with a 95 %O confidence interval of 4.72 
MPa to 5.05 MPa. 

WIC = 0.45-The normal probability plot of the residuals in Figure 6(b) shows 
that, when a straight line is fitted to all of the w/c = 0.45 data, the residuals fall 
approximately on a straight line with the exception of two points. These two 
points were considered, therefore, as outliers and were disregarded. Figure 6(a) 
shows the best-fit straight line to the combined data with the two outliers 
removed. The equation of the line is: 

Y (MPa) = 2.53 MPa + 0.016 MPa/mm X (2) 

The residual standard deviation of the best-fit line is 0.29 MPa The value of the 
slope is 0.016 MF‘a/mm, and this value was found to be statistically significant ( p  
= 0.0008). The estimated average strength at a depth of 25 mm is 2.94 m a ,  with a 
95 % confidence interval of 2.81 MPa to 3.08 MPa. 

In summary, the results for the specimens that were continuously moist 
cured indicate increasing tensile strength with distance from the top surface of 
the cylinders. This may be related to two factors: 

The presence of bleed water would tend to reduce the strength of the upper 
layer because this bleed water is mixed within the mortar during 
consolidation of the upper layers. 
The lower layers are more densely compacted than the upper layer. 

Such a strength variation with depth of concrete members is well known (Bartlett 
and MacGregor 1999). 

1 Day Moist-Cured Specimens 

The individual tensile strengths for specimens that were moist cured for 1 
day are shown in Figs. 7 and 8. Come cylinders had failure planes at the bottom 
of the rings (see Fig. 4), and these are shown as depths of (15,25,35, and 45) mm. 
Missing data points are a result of failures near the bond line between the mortar 
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and steel disk. Regression analysis was used to examine the variation of tensile 
strength with depth for each condition (water-cement ratio and relative humidity 
after moist curing). 

WIC = 0.3û-Figure 7(a) shows the strength versus depth results for w/c = 0.30 
and drying at 50 YO RH. Regression analysis indicated that the slope was not 
statistically significant ( p  = 0.28). The best-fit line is shown using long dashs. A 
normal probability plot of the residuals about the best-fit line indicated no 
outlying points. Since the slope of the line is not statistically significant, an 
overall average strength was computed. This overall average strength for all 
depths is 4.75 MPa, which is shown as a solid line in Fig. 7(a). The standard error 
(standard deviation divided by the square root of the number of points) of the 
overall average is 0.11 MPa. Therefore, the 95 % confidence interval for the 
overall average strength is 4.51 to 4.99 MPa, which is shown in Fig. 7(a) by the 
error bars for the point (open circle) at 25 mm. Also shown in Fig. 7(a) is the 95 YO 
confidence interval for the estimated average strength as a function of depth that 
was obtained for the continuously moist-cured specimens (Fig. 5(a)). It is clear 
that there is a difference between the strength-depth relationships of the 
continuously moist-cured specimens and those moist cured for 1 d. The average 
strength, however, of 4.75 MPa for the specimens with the 1 d of moist curing is 
within the 95 YO confidence interval of the estimated strength at 25 mm obtained 
from the continuously moist cured specimens. 

Figure 7(b) shows the results for the w/c = 0.30 specimens exposed to drying 
at 70 YO RH after 1 d of moist curing. The slope of the best-fit line was also not 
statistically significant ( p  = 0.83). A normal probability plot of the residuals 
revealed that two points had large deviations from the straight line defined by 
the rest of the residuals. These points are indicated as "outliers" in Fig. 7(b), and 
were not considered in the final analysis. The overall average of the remaining 
strengths is 4.70 MPa with a standard error of 0.11 MPa. Therefore, the 95 Yo 
confidence interval of the overall average strength is 4.46 MPa to 4.94 MPa, 
which overlaps the 95 Yo confidence interval of 4.72 MPa to 5.05 MPa for the 
average strength at 25 mm for the continuously moist-cured specimens. 

Comparison of the 95 Y O  confidence intervals of the average strengths for the 
specimens that were allowed to dry at 50 YO RH with those allowed to dry at 70 YO 
RH shows that they are nearly the same. Thus there was no statistically 
significant difference in the results for the two drying conditions. 

wlc = 0.45-Figures 8(a) and (b) show the 28-day strengths for the w/c = 0.45 
specimens stored at 50 YO and 70 % RH, respectively, after 1 d of moist curing. 
The results are similar to those for the w/c = 0.30 specimens. Regression analyses 
indicated that the slopes were not statistically significant (p = 0.82 for 50% R H  
and p = 0.74 for 70 YO RH). In addition, there were no obvious outliers. For drying 
at 50 % RH, the overall average strength is 3.16 MPa, the standard error is 0.11 
MPa, and the 95 YO confidence interval for the average strength is 2.92 MPa to 
3.38 MPa. For drying at 70 YO RH, the corresponding values are 3.24 MPa, 0.09 
M a ,  and 3.04 MPa to 3.44 MPa. Since the confidence intervals for the average 
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strengths overlap, there is no statistically significant difference between the 
results for the two drying conditions. Figures 8(a) and 8(b) also show the 95 Yo 
confidence intervals for the average strength versus depth relationship obtained 
from the continuously moist-cured specimens (Fig. 6(a)). While the 1-day moist- 
cured specimens tend to have a higher average strength than the estimated 
strength of 2.94 MPa at 25 mm for the continuously moist-cured specimens, the 
overlapping 95 70 confidence intervals shown in Figs. 8(a) and 8(b) indicate that 
the differences are not statistically significant. 

In summary, the results for the specimens that were moist-cured for 1 d prior 
to exposure to drying indicate that sufficient 28-day strength was attained at a 
depth of 25 mm in comparison with the specimens that were continuously moist 
cured. An unexpected result is that the measured strengths at a depth of 10 mm 
tended to be greater than the corresponding strengths in the continuously moist- 
cured specimens. It was expected that the short period of moist curing followed 
by drying would hinder hydration and result in lower strengths compared with 
continuous moist curing. However, it is well known that cementitious materials 
become stronger as they dry out (Bartlett and MacGregor 1994). Thus it is 
possible that the increase in strength due to drying compensated for any strength 
reduction due to reduced hydration. Verification of this hypothesis would 
require testing specimens at later ages than used in this exploratory study. 

3 Day Moist-Cured Specimens 

Figures 9 and 10 show the 28-day tensile strengths for the specimens that 
were moist cured for 3 days. There is a missing value at 30 mm in Fig. 9(a) due to 
a testing error. 

wlc = 0.30-Figure 9(a) shows the individual test results for the w/c = 0.30 
specimens that were stored at 50 '/a RH. The results show more scatter than the 
previous results for the 1-day moist cured specimens. The low strength of 2.79 
MPa for the 40 mm depth was considered to be an outlier and was excluded 
from the analysis. That specimen was found to have a large air void within the 
failed cross section (Meeks 1997). Regression analysis showed that the slope was 
not statistically significant (p = 0.39). The overall average tensile strength is 4.57 
MPa with a standard error of 0.22 MPa. The 95 % confidence interval for the 
average strength is 4.07 MPa to 5.07 MPa. Figure 9(a) shows that the confidence 
interval for the overall mean overlaps the confidence interval for the estimated 
strength at 25 mm based on the continuously moist-cured specimens. 

Figure 9(b) shows the individual test results for the specimens stored at 70 Yo 
RH. The data are less scattered. The low strength of 4.17 MPa for the 40 nun 
depth was considered to be an outlier and excluded from the analysis. It also had 
a large air void within the failure cross section (Meeks 1997). Again, the slope is 
not statistically significant (p = 0.16), and the overall average tensile strength is 
5.22 MPa with a standard error of 0.06 MPa. The 95 % confidence interval for the 
average strength is 5.08 MPa to 5.35 MPa, which does not overlap the interval for 
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the estimated average strength at 25 mm obtained from the continuously moist- 
cured specimens. Thus these results show that the w/c = 0.30 specimens exposed 
to 70 YO RH after 3 days of moist-curing had higher 28-day strength at 25 mm 
than the specimens that were moist-cured continuously. 

Statistical comparison of the overall average tensile strength for the 
specimens stored at 50 YO RH with those stored at 70 YO R H  indicated a 
statistically significant difference ( p  = 0.008). Thus the specimens allowed to dry 
at 50 YO RH were, on average, weaker 

wIc = 0.45-Figure lO(a) shows the 28-day tensile strengths for the w/c = 0.45 
specimens stored at 50 YO RH. In contrast with the previous results, regression 
analysis indicated that that the slope was statistically significant ( p  = 0.021). The 
slope, however, was negative and strength decreased with depth. From the best- 
fit line, the estimated average strength at 25 mm is 3.36 MPa, with a 95 % 
confidence interval of 3.23 MPa to 3.49 MPa. As seen in Fig. 10(a), the 28-day 
average strength at 25 mm is higher for the specimens allowed to dry after 3 days 
of curing than for the continuously moist-cured specimens. 

Figure lo@) shows similar results for the specimens allowed to dry at 70 YO 
RH. The negative slope is statistically significant ( p  = 0.012), and the estimated 
average strength at 25 mm is 3.52 MPa with a 95 YO confidence interval of 3.39 
MPa to 3.65 MPa. 

The confidence intervals of the estimated strength at 25 mm for the two 
drying conditions overlap. Thus there is no statistically significant difference due 
to relative humidity. 

Examination of Figs. 10(a) and 10(b) shows that the statistically significant 
negative slopes are due primarily to the slightly higher strengths at 10 mm 
compared with the strengths at the other depths. These higher strengths are 
attributed, again, to the increase in strength due to drying. 

7 Day Moist-Cured Specimens 

Figures 11 and 12 show the 28-day strengths of the specimens that were 
moist cured for 7 days prior to drying. There are no missing data points, and no 
points were identified as outliers. 

WIC = 0.30-Figure li(a) shows the results for the w/c = 0.30 specimens dried 
at 50 Y RH. Linear regression indicated that the slope was not statistically 
significant (p = 0.65). The overall average tensile strength is 5.13 MPa, the 
standard error is 0.12 MPa, and the 95 YO confidence interval is 4.87 MPa to 5.40 
MPa. This interval overlaps the confidence interval of the estimated strength at 
25 mm for the continuously moist-cured specimens. Thus the strength at 25 mm 
for the 7-day cured specimens is similar to that of the continuously moist cured 
specimens. 
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Figure îl(b) shows the results for the specimens dried at 70 % RH. The 
behavior differed from the other cases. The strengths of the specimens with 
reduced sections at 10-mm were lower than similar w/c = 0.30 specimens 
subjected to drying. These strengths, however, are in good agreement with those 
obtained from the continuously moist cured specimens. Therefore, the lower 
strength could be due to the "top-tebottom'' effect if the drying front did not 
penetrate beyond 10 mm. There is, however, some uncertainty about the 
strengths of the two specimens that failed at 10 mm (Meek 1997). When they 
were originally tested, failure occurred near the steel-epoxy interface. New steel 
discs were bonded to the ends of the specimens and the specimens were re- 
tested. Some damage could have occurred during the first loading. Thus it is not 
possible to state with certainty whether the strength at 10 mm is lower in this 
case compared with the other w/c = 0.30 specimens exposed to drying. If the 
measured strengths at 10 mm are assumed to be valid values, the slope of the 
best-fit line is statistically significant ( p  = 0.007). The estimated average strength 
at 25 mm is 4.61 MPa with a 95 YO confidence interval of 4.39 to 4.81 MPa. Figure 
1l(b) shows that this interval overlaps the interval for the estimated average 
strength based on the continuously moist-cured specimens. 

wIc = 0.45-Figure 12(a) shows the 28-day tensile strength for the w/c = 0.45 
specimens exposed to drying at 50% RH after 7 days of moist curing. The best-fit 
line has a slope that is on the borderline of being statistically significant (p = 
0.058). If the line is assumed to represent the variation of strength with depth, the 
estimated strength at 25 mm is 3.31 MPa with a 95 YO confidence interval of 3.14 
MPa to 3.48 MPa. As seen in Fig. 12(a), this confidence interval lies slightly above 
the interval for the estimated average strength at 25 mm for the continuously 
moist-cured specimens. Not also that the three measured strengths at 25 mm are 
in good agreement with the confidence interval of the moist-cured specimens. 

Finally, Fig. 12@) shows the results for the specimens exposed to drying at 
70 '/O RH. The slope of the best-fit line was not statistically significant (p = 0.75). 
The overall average strength is 3.33 MPa, the standard error is 0.09 m a ,  and the 
95 YO confidence interval is 3.14 MPa to 3.52 MPa. This confidence interval is also 
slightly higher than the interval for the strength at 25 mm for continuous moist 
curing. 

The similarity in the confidence intervals for the estimated average strength 
at 25 mm for the two drying conditions shows that relative humidity did not 
have a significant effect. 

SUMMARY 

This exploratory study examined the influence of the duration of moist 
curing on the variation of 28-day strength with distance from the drying surface. 
The objective was to determine the duration of moist curing so that the strength 
at 25 mm from the exposed surface would not be less than the corresponding 
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strength for the case of continuous moist curing (reference condition). Table 3 
summarizes the 95 YO confidence intervals for the estimated, average 28-day 
strength at 25 mm from the exposed surface. The last column of Table 3 indicates 
the nature of the measured relationships between strength and depth. A ”+” 
indicates that the strength increased with depth, a ”-” indicates that strength 
decreased with depth, and a ”o” indicates no relationship between strength and 
depth. 

Figure 13 is a graphical representation of the confidence intervals in Table 3. 
The horizontal dashed lines are the 95 % confidence intervals for the estimated 
strength at 25 mm obtained from the continuously moist-cured specimens. The 
results show that for the various treatments in no case was the strength at 25 mm 
significantly lower (from a statistical viewpoint) than for the case of continuous 
moist curing. In fact in some cases, the strength was greater than for the reference 
condition. These results were unexpected, especially for the 1-day duration of 
moist curing. It was anticipated that a short duration of moist curing would 
result in rapid drying and a decrease in the hydration rate. As explained in the 
previous section, the increase in strength due to the physical process of drying 
may have compensated for any reduction due to a decrease in the degree of 
hydration. Figure 13 also shows that the relative humidity during the drying 
period did not have a consistent and statistically significant effect. 

Additional insight into the reason for the observed behavior summarized in 
Fig. 13 is given in Table 4. As mentioned, some of the specimens were split after 
tensile testing to visually observe the depth of the drying front. While these 
measurements are approximate, the results appear to show that, for the testing 
period of 28 days used in this study, the drying front never penetrated to a 
distance of 25 mm. 

Based on these tests of mortar specimens, it could be concluded that only 1 d 
of moist curing is sufficient to ensure adequate strength development at 25 mm 
from the exposed surface for the water-cement ratios and drying conditions that 
were used. These results may explain why extended curing has typically not 
been considered a major concern with regard to structural capacity of reinforced 
concrete. 

Since the study focused on the effects of duration of moist curing on strength, 
the results should not be extrapolated to mean that short curing periods are also 
adequate for durability. The mass losses of the mortar specimens during drying 
provide some insight into the effects of curing duration on potential durability. 
Parrot (1992, 1996) demonstrated that moisture loss during the first 4 d after 
termination of moist curing was a good indicator of subsequent durability 
properties, such as water sorptivity. In this study, the moisture loss at 5 d after 
the end of moist curing is used as a basis for comparison. The 5-day mass loss is 
used because this was the common drying time for which all specimens had a 
moisture loss measurement (Meeks 1997). Figure 14(a) shows the 5-day mass loss 
for all the test specimens. Mass loss is expressed in terms of reduction in mass 
per unit area of exposed surface. One of the dah  points was identified as an 
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outlier, as indicated in Fig. 14(a). Figure 14(b) shows the average 5-day mass loss 
per unit area and the corresponding 95 YO confidence intervals. Several 
observations can be made: 

The average moisture losses for drying at 50 YO RH were greater than for 
drying at 70 O!O ñH. 
The greater the duration of moist curing, the lower the moisture loss. 
An increase in the duration of moist curing from 1 d to 3 d resulted in a 
drastic decrease in the moisture loss for the w/c = 0.45 specimens. 

The first two observations are not very revealing, as these are well known 
phenomena. The third observation, however, is of particular interest because it 
shows that, from a durability viewpoint, mixtures with higher w/c benefit more 
from extended moist curing than mixtures with lower w/c. This is not surprising, 
because more than 40 years ago Powers et al. (1959) noted that as the w/c 
increases more hydration is required to disrupt the continuity of capillary pores. 
Similar conclusions about curing duration were reached for the durability- 
related curing criteria of Hilsdorf and Co-workers (Hilsdorf and Burieke 1992; 
Hilsdorf 1995). 

As is common with exploratory studies, this work raised questions that merit 
further investigation. Tests are underway to repeat these experiments, but using 
measurement of degree of hydration as a function of depth. This will avoid the 
problem of increasing strength due to drying that may have confounded the 
results reported here. Similar studies were conducted by Kern et al. (1995) for 
concrete with w/c = 0.60 and ages up to 7 d. The results from these new tests 
should provide a clearer understanding of the effects of the duration of curing 
and subsequent exposure conditions on the variation of degree of hydration with 
distance from the exposed surface. The investigation will be extended to include 
mixtures containing supplementary cementitious materials. The long-term 
objective of the research is to develop a verified numerical model that will permit 
investigation of the many factors that affect the required duration of curing. The 
results of that investigation should provide the knowledge to formulate rational 
curing guidelines for high-performance concrete. 
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TABLE I-MASS PROPORTIONS OF MORTAR MIXTURES 

1.000 1 .o00 

2.207 2.750 
HRWR 0.036 0.006 
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Age, d 
0.33 
1.00 
2.00 
3.00 
7.00 

14.00 
27.96 
28.17 
54.00 
90.00 
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Degree of Hydration, % 

wlc = 0.30 Age, d wlc = 0.45 
13.7 0.33 15.4 
39.1 1.00 41.7 
50.9 2.00 51.9 
56.3 3.00 58.4 
62.0 7.00 71.7 
65.5 14.00 78.8 
68.9 27.96 83.1 
69.9 27.96 80.1 
69.9 56.00 82.7 
68.7 91.00 87.5 

TABLE 2-DEGREE OF HYDRATION VERSUS AGE FOR CCRL CEMENT 116 
CURED UNDER SATURATED CONDITIONS AT 25 "C 

wlc MoistCuring,d RH, Average Strength vs. 
% Strength, MPa Deptht 

TABLE 3-SUMMARY OF ESTIMATED 95 % CONFIDENCE INTERVALS OF AVERAGE 
STRENGTH AT 25 mm 

0.30 

1 50 4.75 M.24 0 

70 4.70 kO.24 0 

3 50 4.57 M.50 0 

70 5.22 i 0.14 0 

I Continuous I 1 4.88M.17 I + I 

7 50 5.13 20.27 0 
70 4.61 kO.21 + 

1 

3 0.45 

I Continuous I I 2.94H.14 I + I 
50 3.16 M.23 0 

70 3.24 M.20 0 

50 3.36 fl.13 
70 3.52 M.13 

7 50 3.31 M.17 
70 3.33 fl.19 0 
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TABLE 44üSERVED APPROXIMATE DEPTH OF DRYING FRONT (mm ), (Meeks 1997) 

Moist W/C = 0.45 

NM 14 
*Nh4 = not measured 

f, 
Strength 
Below 

Surface 

f, 

End of 
Curing 

28 days 

Fig. 1Schematic of strength development below surface for standard curing and for moist 
curing followed by air drying 
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1 

LL 

O 
O 0.2 0.4 0.6 0.8 1 

Fraction of 28-d Strength at 25 mm 

Fig. 2-Relationships between strength ratio at depth of 25 mm and ratio of strength at end 
of curing period (based on figure provided by H.K. Hilsdotf) 

Full document details: ACI SP-193-00

http://www.avadocuments.com/doc/aci-sp-193-00
http://www.avadocuments.com/doc/aci-sp-193-00


Ob62349 055297b 729 

Repair, Rehabilitation, and Maintenance of Concrete Structures 25 

=125 mm 

Fig. %Mold used to prepare notched, cylindrical tension specimen 
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(a) Moist curing 

I Environmental 
chamber 

(b) Air drying 

(c) Tensile test 

Fig. Mur ing,  drying, and testing of mortar cylinders 

Full document details: ACI SP-193-00

http://www.avadocuments.com/doc/aci-sp-193-00
http://www.avadocuments.com/doc/aci-sp-193-00


D Obb2949 0552778 5TL 

I w/c = 0.30, moist cured j (a) 1 

Repair, Rehabilitation, and Maintenance of Concrete Structures 27 

7 ~ " ~ ' ~ ~ ~ ~ ~ ~ ~ ' ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ -  

.......... .: ......... .I 

..................... ......... . _ I _ .  ....... .z 

Br.. ...... .:. ......... - 

5 -. 

.......... .:..........I 

2 .......................... O Run#1 
O Run#2 

1 - _ _ _ _ _  Combined 
95 % Confidence limits I ............................ 

o ' J ~ ~ ' ' ' ' l ' ~ ' ' l l l l l l l l l l l l ' ' ' '  

1 

0.5 

O 

-0.5 

-1 

-1.5 

-2 

O 10 20 30 40 50 60 
Depth, mm 

t i  . .  , .  . , .  . ,  
I I l  I I  I I I  I I  I l 

.O1 .1 1 5 102030 50 70809095 99 99.989.99 
Percent 

Fig. 5-(a) Tensile strength versus depth for continuously moistcured specimens with w/c = 
0.30; (b) normal probability plot of residuals for straight line fit using all data 
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Fig. H a )  Tensile strength versus depth for continuously moistcured specimens with w/c = 
0.45; (b) normal probability plot of residuals for straight line fit using all data 
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Fig. 7-Tensile strength versus depth for w/c = 0.30 with 1 day of moist curing followed by: 
(a) drying at 50 Yo RH and (b) drying at 70 % RH 
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Fig. 1 O-Tensile strength versus depth for w/c = 0.45 with 3 days of moist curing followed 
by: (a) drying at 50 % RH and (b) drying at 70 % RH 
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Fig. 12-Tensile strength versus depth for w/c = 0.45 with 7 days of moist curing followed 
by: (a) drying at 50 YO RH and (b) drying at 70 % RH 
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Fig. 13-The 95 % confidence intervals of the estimated average strength at a depth of 25 
mm versus the duration of moist curing prior'to exposure to drying 
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Fig. 14-Moisture loss after 5 days of drying versus the duration of the moist curing period: 
(a) all data and (b) 95 YO confidence intervals of the average mass loss 
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SP 193-2 

Slurries for Restoration of Historical Brickwork 
Buildings in Northern Germany 

by O. Knöfel and K. 6. Böttger 

SvnoDSis: 
This contribution deals with the development of slurries for the restoration of 
brickwork buildingsain Northern Germany. Various slurries on the basis of two 
binders with a high sulphate resistance with an admixture of solid glass globules 
respectively were developed, one slurry on the basis of lime the other on the basis 
of cement. Their aggregate is of fine quartz sands and various additives were 
used. The slurries were developed to restore historical terracotta. Beside the 
workability and the water retention capacity of the slurries, technological pa- 
rameters such as dynamic modulus of elasticity, compressive strength, bending 
and bond strength and hygrical parameters such as water absorption, water 
desorptions and water vapour diffusion were investigated. Further important 
characteristics were the resistance to freezing and thawing, the scuff resistance 
and the efflorescence behaviow. Some of the slurries were successfully applied to 
the terracotta surfaces. 

Keywords: blast-furnace slag; cement; hydraulic hydrated lime; slurry 
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Professor Dr. D. Knöfel studied mineralogy at the universities of Göttingen and 
Tubingen. After an activity of several years with the Heidelberger Zement AG, he 
changeâ 1969 to the technical highschool in Siegen. Mer a change to the techni- 
cai highschool Stuttgart, he founded 1980 the institut für Bau- und Werkstoff- 
Chemie (BCS) at the University of Siegen. 

K. G. Böttger studied engineering of building materials at the University of Sie- 
gen and at the Bauhaus-Universim Weimar. He is coworker of Prof. Dr. D. Knö- 
fel since 1980. He works on mineral binders and their products as well as on 
atmospheric influences on building materials. 

INTRODUCTION 

Slurries consist of binder, aggregate, and additive (1,2, 3). They are used as pro- 
tective, respectively wearing layer of brickwork, especially on those areas where 
the firing skin of the bricks or temotta  has been damaged. In those cases a more 
intense abrasion of the bricks is possible. However, the surface structure of the 
brickwork respectively of the terracotta should be preserved after application of 
the slurries. An essential element of their protective effects is the reduction of the 
capillary water absorption compared to bricks. By reducing the water absorption, 
the attack of aggressive substances is reduced as well. The thin slurries (1 - 3 mm 
thickness) have to be renewed in intervals of approx. 5 - 10 years. 
Based on earlier developments of slurries for the brickwork bui1ding"Kampischer 
Hof" at Stralsund and for temotta  of Schwerin castle (3), slurries for brickwork 
buildings in Northern Germany were developed. In this case, a good and easy 
workability, high water retention capacity as well as the use of easily available 
components, was important. 
In order to protect the bricks respectively the terracotta constantiy with the slur- 
ries, they have to be adapted to the substrate. (3) states the most important char- 
acteristics of terracotta respectively historical bricks and highlights the wide range 
of characteristics. To chose the right binders, it is most important to know the 
amount of soluble salts in the substrate. The grade of contamination with sul- 
phates, nitrates and chlorides may sum up to several%. 
The required properties on the slurries can be concluded fiom the characteristics 
of the substrate, as mentioned in Table 2, which gives also the respective testing 
method. 

REQUIREMENTS TO THE SLURRTES 

The required properties to the slurries can be concluded from the characteristics 
of historical bricks and terracotta, given in Table 2. The slurries should have 
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comparable or lower compressive strengths and moduli of elasticity than the 
bricks or terracotta: They should show relatively high bond strength values. The 
water absorption coefficients of the slurries should be considerably lower than 
those of the historical bricks, but should have a comparable or lower resistance to 
water vapor diffusion (p value). 

PART I CEMENT-BASED SLURRIES 
Chemical Analysis. PreDaration, and Storage of the Slurries 

Only binders have been used with sufficient sulphate resistance (7, 8). These are 
SGP, consisting of 85% ground blastfurnace slag, 10% gypsum, and 5% portland 
cement, and a mixture of 85% blast h a c e  cement, and 15% hydraulic lime, 
called HOK. In the case of two so-called ,,fibre slurries“, 25% of the binder were 
substituted by a expansive compound (Q) acc. to (9), consisting of 50% alumi- 
nous cement and 50% gypsum. 
All slurries in part I of this publication contain a mixture of solid glass globules 
of various grading curves as amegates. 
in first test series, a binder/ag(rregate ratio (B/A) of 1:2 (in parts by weight) was 
used for both binders. 0,30% plasticizer (V) as well as 0,40% hollow micro glob- 
ules (HMG) were added as admixtures. Polymer powder (K), thickener (V) and 
zinc stearate (Z) were used as water repellents. Pigments on the basis of iron ox- 
ides were used to give the slurries a similar colour compared to the substrate. in 
the second test series, the B/A of the best binder mixtures at that time was varied. 
Additionally the influence of methyl cellulose (MC) on the slurries was exam- 
ined. Fig. 1 shows the abbreviations used for the mixtures. 
In a third test-series, fibre-containing slurries were developed. Due to the fact that 
a high pH-value effects a hydrolytic reaction on the lignocellulose fibres (LC fi- 
bres), which destroys them, SGP was exclusively used as binder for the “fibre 
slurries”, partially mixed with swelling compound. 
The slurries were produced from a preliminarily homogenised dry mortar con- 
taining all solid components with the exception of HMG. A certain portion of 
water was poured into the mixing pot of a standard mixer and dispersed by stir- 
ring with the allowed quantity of HMG. The dry mortar was then added to the 
water and stirred for three minutes on level I. During a mixing pause of 30 s, wall 
and bottom of the mixing pot were scraped off and mixing was continued for an- 
other 3 min. The compression of the partially thixotropic slurries was performed 
during 10 s on the vibrating table. Most of the investigations were done by means 
of standard prisms of half height (2 cm 4 cm - 16 cm). In order to determine the 
p-value, 1,5 cm thick mortar disks (0 = 14,5 cm) were used. 
To avoid the formation of agglomerates, which means an inhomogenity of the 
mortar, the fibre slurries were produced according to (10) in a special high- 
intensity mixer. 
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The slab units of the slurries were produced by coating of shotblasted concrete 
quarries and brick disks. The quarries and disks were watered for one minute half 
an hour before the application began. 
The prisms, the samples for the determination of water vapour diffusion plates 
qnd slab units on bricks were stored until the age of 7 days in climate 20/95 (2OOC 
and 95% RH). During the time remaining until the testing date, the samples were 
stored in standard climate DIN 500 14-23/50- 1. 
The concrete quarries were stored - after their production until the testing date 
after 28 days - in standard climate DIN 50014-23150-2. Thereafter, they were ex- 
posed to air and sun for several months. 

Results 

1 Fresh Mortar ProDerties -- The waterlbinder value (W/B value) of all slurries 
was set according to best workability. The workability of the slurries was classi- 
fied into five groups. The results are given in Table 3. 
The slunies on the basis of SGP have a better workability than those on the basis 
of HOK. Independent to the type of binder, the addition of thickener and poly- 
mers has a positive influence and the use of water repellent agent mostly has a 
negative effect on the workability. All fibre slurries and slurries with MC have a 
good or very good workability due to the addition of K and thickener (V). 
Without additives, the waterhinder ratio (W/B value) is the same for both bind- 
ers. V increases the W/B value, however, this is in case of SGP with +0,33 
stronger than in case of HOK with +0,12. K and zinc stearate increase the W/B 
value only slightly. The W/B value is considerably increased by reducing the 
binder content. Both binders reach the highest W/B value at a B/A ratio of 1:4. 
The W/B value is not increased by adding LC fibres, but decreased. The reason, 
might be the thorough mixing of the components of the fibre slurries in the spe- 
cial mixer. Even adding MC does not increase the W/B value significantly. Con- 
sidering the plasticizer added to all mortars, the rather high W/B values can be 
explained by using additives with high specific surface values (e. g. solid boro- 
silicate glass globules 3000E 3800 g/cm2, according to laser granulometry). 
The water retention caDacity (WRV) of all HOK mixtures ranges in a rather nar- 
row scale of between 7585%. The water retention values of the SGP slurries, in 
contrary, scatter rather strongly in a range between 65-95% (see Table 3). The ad- 
dition of V and Z reduces the WRV. In case of SGP, the reduction of WRV by 
more than 20% shows this fact considerably stronger than in case of HOK. A sig- 
nificant increase of WRV when adding K can only be observed on the SGP slur- 
ries. The addition of V and Z compensates this effect. in all cases, the reduction 
of binder content produces a slight reduction of WRV. 
All fibre slurries have a good WRV, and the addition of expansive compound 
resuits in a decrease of WRV of > 90% down to approx. 85%. The positive expe- 
rience made with the fibre slurries' high WRV led to the addition of MC to two 
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