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Early-age concrete shrinkage induces stress, which affects the cost and service life of
concrete pavements. Concrete construction quality assurance has been evaluated as an
experiment test, but in this paper, a performance monitoring method for initial concrete quality
management using sensors was proposed. To monitor the behavior of Portland cement concrete,
strain measurements of field slabs were conducted, and a methodology was presented that
independently derived autogenous, drying, and thermal shrinkage in the initial stages of
concrete placement using strain sensors. Total strain was measured under five different
environmental conditions and shrinkage strain was calculated for each condition. By measuring
the strain of the slab and the specimen, the drying shrinkage strain range was measured to be
approximately 54% higher than that measured by the conventional non-stressed cylinder method
because it was possible to measure the drying shrinkage strain at the surface rather than in the
middle part of the slab along its depth direction. Furthermore, calculation of the stress-dependent
strain allowed the presentation of more intuitive and accurate results. As the monitoring of
independent shrinkage occurrence is possible, the consequent calculated result of the stress-
dependent strain acting on real slabs will help improve the construction quality, reduce the
development of defects in concrete structures, and increase the service life.

1. Introduction

Concrete is the most extensively used construction material worldwide. Portland cement
concrete pavement was first designed in the United States in 1892. Since then, concrete has been
applied as a paving material for various infrastructures such as roads, ports, and airports.() As
the safety and durability of these infrastructures are critical, the cost of repair and the service
life need to be assessed carefully. The service life of concrete is evaluated in terms of physical
strength, durability, and serviceability.

The physical strength of concrete varies with age and setting time. During this early-age
period, two main reactions occur: a setting process with a progressive loss of fluidity and a
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hardening process with an increase in strength.®) During the process of hydration, concrete
undergoes a transition from a fluid to a hardened structure; however, before the final setting,
concrete does not develop sufficient tensile strength. Hence, the use of concrete before the final
setting leads to a high risk of defect formation. Accordingly, proper quality control is necessary
in construction.’®)

Shrinkage occurs in concrete during the hydration process. For general concrete, in the first
phase (within 24 h after placement), the unhardened concrete begins to harden, and chemical
shrinkage occurs during the setting process. The second phase refers to the period ~24 h after
placement, wherein autogenous, drying, and thermal shrinkage occur. The three types of
shrinkage yield the same outcome in terms of concrete materials, but each type of shrinkage is
caused by a different mechanism.**~® The process from the placement of concrete to its final
setting is illustrated in Fig. 1.

Drying shrinkage is a consequence of loss of moisture from hardened concrete to the
environment. Following moisture diffusion from the surface to the outside, shrinkage is caused
by changes in the capillary pressure, disjoining pressure, and surface tension.®-!9 Previous
studies have reported that when the distribution of moisture in the cross section of concrete is
not uniform, greater shrinkage is induced on the surface, thus resulting in tensile stress. The
shrinkage will progress over a long time until the cement’s humidity equilibrates with that of the
external environment, thus seriously affecting the durability of the concrete.!) Drying
shrinkage decreases with increasing strength and decreasing water-to-cement ratio (w/c ratio),
but is significantly affected by external factors, such as the size of the member and relative
humidity.(!213) However, the final drying shrinkage increases as the relative humidity decreases,
and the size of the member may affect the rate of progress of drying shrinkage but not the final
amount of drying shrinkage. Drying shrinkage cracks formed on the surface typically propagate
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Fig. 1. Concrete shrinkage process from its placement to the final setting.
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to a depth of 2-3 cm from the surface, which may not cause a significant problem in the initial
phase; however, these cracks may develop and become a major cause of durability defects during
long-term use.(

Among the various types of concrete shrinkage at the initial stage of placement, autogenous
shrinkage can be defined as the macroscopic volume change that occurs after the initial setting
as a result of the elimination of moisture from capillary pores in continuing cement hydration
reactions.!”) The process of autogenous shrinkage can be described as a process of self-
desiccation in which unhydrated cement particles during the early stage of hardening gradually
eliminate the internal moisture and undergo hydration and contraction.('®) Nowadays, concrete
exhibits high strength/durability, achieved by lowering the w/c ratio and adding silica fume.
However, reports have indicated that the change in the internal humidity from hydration heat
increases, and this has a dominant impact on the occurrence of early cracks.(!”) These findings
indicate that in the case of high-strength (high-performance) concrete, cracks can be formed
owing to changes in the volume.("® Another study reported that in the case of autogenous
shrinkage, pore humidity drops owing to internal hydration, and it is not affected by the depth of
the mixture or ambient humidity.(!)

Conventional methods for measuring the autogenous shrinkage strain or volume change
involved placing cement paste in a rubber membrane, immersing it in a water bath, and
measuring the shrinkage by the change in the water level.*”) In another method (Fig. 2), stress-
dependent strain was derived using a non-stressed cylinder (NC) for the in situ evaluation of
initial stress generation for concrete structures.?!-23)

Among these methods, the NC concept was used as a reference method for comparison in
this study. Total strain can be divided into four types of strain (i.e., elastic, creep, shrinkage, and
thermal):

e(t)=e"(t)+ &€ (r)+ &S ()+e" (t)=¢(1)+ &0 (1), )

where ¢(¢) is the total strain, et (¢) is the elastic strain, gc(t) is the creep strain, gS(t) is the
shrinkage strain, ¢! (?) is the thermal strain, £7(¢) = ££(¢) + eC(t) is the stress-dependent strain, and
%) = &5(t) + €1() is the stress-independent strain.

PNC 10em INC

(Allowable moisture transfer) {Prevent moisture transfer)

Fig. 2. (Color online) Evaluation method of early-age concrete using NC in field.
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This study presents a methodology to derive independent drying and autogenous shrinkage
in the initial stage of concrete placement. By this newly developed monitoring method of
independent shrinkage occurrence, improved construction quality, fewer developed defects in
concrete structures, and increased service life are expected on the basis of the calculation result
of the stress-dependent strain acting on actual slabs. This paper also provides an evaluation
method through quantitative measurement using sensors to improve the limitations of the
empirical quality management method of concrete pavement.

2. Materials and Methods

The basic concept used for the measurement of the shrinkage behavior of early-age concrete
is presented schematically in Fig. 3. First, consider the difference between a cantilever beam, in
which strain (but no stress) develops due to temperature changes, and a fixed-end beam in which
both ends are fixed (thus, it has stress but no strain). In the case of a beam specimen, rollers are
installed at both ends of the bottom part of the specimen to induce cantilever-like behavior in a
free beam. In addition, for the field slab, a fixed end-beam behavior is induced owing to friction
at the bottom part of the specimen to evaluate the shrinkage behavior of early-age concrete.

The conventional NC method and the proposed method of fabricating an environment-
controlled beam were evaluated and compared using the aforementioned concept. For the
proposed methodology, as shown in Fig. 4, the entire front surface of two beam specimens was

A
A

—

5

Fig. 3. Basic concept adopted for the measurement of shrinkage behavior.

(b)

Fig. 4. (Color online) Environment-controlled specimens in (a) chamber and (b) field.
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wrapped with aluminum tape; the surface of two more specimens was exposed to air to fabricate
a total of four specimens. A GEOKON Vibrating Wire Strain Gage (VWSG) sensor was installed
at a depth of 3 cm from the surface layer of the specimen and field slab to evaluate the effect of
surface drying.

In particular, in an environment where the temperature is kept constant (e.g., in a chamber in
which the specimen has its front surface covered with aluminum tape), there is no influence
from the external environment, and shrinkage is only due to early-age hydration. In the
experimental setup, as shown in Fig. 5, the all-blocked specimen undergoes shrinkage regardless
of the location, whereas the top-open specimen is exposed to the external environment and
different levels of shrinkage are measured depending on the depth of the specimen. On the basis
of these differences, each shrinkage may occur during the hydration process of early-age cement
concrete.

The top-open and all-blocked specimens were in the field and an environmental chamber,
respectively, and the temperature and humidity conditions were varied as shown in Table 1. &;
represents a top-open specimen in the field and is subject to all the effects of thermal, drying,
and autogenous shrinkage. &, represents an all-blocked specimen in the field, which reflects the
effect of temperature but blocks humidity to maintain the change in humidity due to external
influences. ¢; represents a top-open specimen in an environmental chamber with temperature
and humidity controlled at constant values of 20 °C and 50%, respectively. Humidity loss
through the surface was possible. Thus, only drying and autogenous shrinkage occurred in the
specimen. g, represents an all-blocked specimen in an environmental chamber in which the

[All blocked] [Top open]
RH RH

Depth
Depth

evaporation
Pttt ttttitt

_____ s

Fig. 5. (Color online) Concept of environment control method for measuring each shrinkage strain.

Table 1
Definition of shrinkage conditions to evaluate concrete’s early-age behavior.

Beam specimen

Condition Field Chamber Field slab
Top open All blocked Top open All blocked
Temperature Change Change Steady Steady Change
Humidity Change Steady Change Steady Change
. . (Thermal + Drying (Thermal + (Drying + (Thermal + Drying
Simulation + Autogenous) Autogenous) Autogenous) (Autogenous) + Autogenous)

Symbol a(e) b(e2) c(e3) d(es) e(es)
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temperature and humidity are controlled, and only autogenous shrinkage can occur. Finally, €5
represents the same conditions as ¢1; however, the sensor is installed in the field slab and not the
beam specimen to measure the total strain in real-life pavement.

From the concept of the NC for thermal strain measurement, the impervious NC (INC)
specimen embedded in the field was free from external stress, and only the strain caused by the
effect of temperature occurred in the specimen. Conversely, in the proposed methodology, given
that autogenous shrinkage strain occurred under all conditions, from the strain of the all-blocked
specimen installed in the field, the strain of the all-blocked specimen in the chamber with only
the autogenous shrinkage strain measured was subtracted to derive the pure thermal strain.

As the drying shrinkage strain measured according to the NC concept, the value obtained by
subtracting the INC strain from the strain of the porous NC (PNC) specimen was reported.
However, NC specimens can be installed in the middle part of the pavement (along its depth
direction). Nevertheless, this introduces a limitation in that the reported shrinkage will not
reflect the most critical drying shrinkage on the pavement surface. In the proposed new
methodology, only the drying shrinkage strain, which develops on the pavement surface, can be
derived by subtracting the strain of the all-blocked specimen (g,) from that of the top-open
specimen ¢ in the field.

Stress-dependent strain is calculated as the difference between the strain ¢, of the free-beam
specimen and the total strain ¢5 generated by the real environmental load of the field slab whose
lower motion is restricted.

The material used to investigate the behavior of the early-age concrete is a mixture of joint
concrete pavement (JCP) and type 1 cement. Two mix designs were selected according to the
results of a previous study that reported a significant increase in autogenous shrinkage strain
when the w/c ratio was less than 40%,?4 as shown in Table 2.

3. Results
3.1 Test method validation

Concrete shrinks as the heat of hydration decreases after volume expansion from the early-
age hydration stage; hence, it is important to define the point at which the stress becomes zero.
For the calculation of shrinkage strain, a reference point of zero strain is required, and the
temperature of the concrete at this point is referred to as the zero-strain temperature (ZST).
According to results from previous studies, the reduction factor, which quantifies the relationship
between ZST and the peak hydration temperature, ranges from 6 to 8% on average depending on

Table 2
Cement concrete mix design (W/C: water-to-cement ratio, S/A: sand-to-aggregate ratio).
i it weight (kg/m>
z/fgajgxrlengj;ltr: Slump wic S/A S Mineral
0, 0,
size (mm) (cm) (%) (%) Water Cement Sand Aggregate admixture
25 2.5 35 38 150 440 600 1200 2-5

25 8+2.5 40 46.6 121 390 856 902 2.34
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Fig. 6.  (Color online) Method adopted to select the ZST.

various parameters, thus indicating that ZST occurs at 92 to 94% of the peak hydration
temperature of concrete.2>) In this study, 94% of the peak hydration temperature was defined as
ZST as shown in Fig. 6.

A preliminary test was first conducted to validate the specimen evaluation method under
different environmental conditions using the aluminum tape. Two VWSG sensors were
embedded for each of the four beam specimens at 3 and 5 cm from the surface layer. Two
specimens were installed in an environment-controlled chamber with temperature and humidity
controlled at constant values (temperature: 20 °C, humidity: 50%), and the other two specimens
were exposed to the environment and were thus subjected to changes in temperature and
humidity. In the preliminary test, evaluation was performed with the w/c ratio set at 35%.

The results of the preliminary test (shown in Fig. 7) indicate that there was a difference in
strain in the top-open specimens for both the field and chamber specimens. The strain at 3 cm
from the surface layer was approximately 100—150 ue¢ larger than that at 5 cm. Conversely, when
the entire front surface of the specimen was blocked with aluminum tape, the difference between
3 and 5 cm strains was 20 ue¢ or less, which yielded similar results for the two cases.

The result signifies that with the methodology proposed in this study, the environmental
conditions for the early-age behavior analysis of a concrete mixture can be controlled, and
drying and autogenous shrinkage of the mixture can be measured.

3.2 Measurement of environment-controlled total strain

As shown in Fig. 8, the field slab was a square of 6 m length and 0.42 m height; this is
classified as a thick cement concrete pavement. As outlined in Table 3, strain sensors were
installed at the top, middle, and bottom parts to measure the total strain of the field slab. The
conventional NC used in previous studies was also installed. Two environment-controlled beam
specimens were installed, one in the field and one in the chamber, and two different conditions
of top-open and all-blocked were applied.
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Table 3
Sensors used for evaluation (NC: non-stressed cylinder, INC: impervious, PNC: porous NC).
Field slab Field beam Chamber beam
Location EA Location EA Location EA
Top 1
Center Middle 1 Top open Top 1 Top open Top 1
Bottom 1
NC INC 1 All blocked Top 1 All blocked Top 1
PNC 1
Total 8 Total 2 Total 2

The total strain at different depths of the strain system directly embedded in the field slab
shows that shrinkage continues to progress after the peak temperature is reached owing to the
hydration of concrete. As expected, the strain at a depth of 3 cm from the surface of the concrete
slab was the largest, and the strain at the bottom was the smallest. Figure 9 shows that in the
process of concrete drying, the distributions of moisture and temperature inside the pavement
are not uniform. Given that the bottom part is constrained, larger shrinkage is observed on the
surface of the concrete.

By the methodology presented herein, the total strain under five different environmental
conditions was derived, as shown in Fig. 10. In the case of the field specimens, the results
showed that the fluctuation pattern was identical between specimens because the top-open and
the all-blocked specimens were subject to the same temperature condition; the total shrinkage of
the all-blocked specimen wherein drying shrinkage was prevented was smaller. Clear differences
in the shrinkage of the chamber specimens were confirmed because the temperature and
humidity conditions were controlled at constant values. For the total strain on the slab surface, a
smaller fluctuation pattern than that of the beam specimen was confirmed. This indicates that
given that only the top of the slab was exposed to the external environment, compared with the
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Fig. 9.  (Color online) Plots of total strain of field slab at different depths as a function of time.
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entire area in the case of a beam specimen, the effect of thermal strain was reflected in the
result.

3.3 Comparison analysis of drying shrinkage derivation methods

In the conventional NC method, the drying shrinkage strain was derived by subtracting the
INC strain (which is subject only to changes in temperature) from the PNC strain with arbitrary
changes in the temperature and humidity. However, by this conventional method, it is difficult to
measure the drying shrinkage on the surface of a real slab because the strain can be measured
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only at a depth of at least 5 cm from the surface. As shown in Fig. 11, the evaluation results of the
drying shrinkage strain obtained by the proposed and NC methods using the same material were
compared.

In the case of the NC method, drying shrinkage strain values of up to —52 ue were calculated,
whereas the drying shrinkage strain obtained by the newly proposed method where the sensor
was embedded at a depth of 3 cm from the surface was calculated to have a maximum of —80 e,
thus yielding 54% higher strain than that obtained by the conventional method.

3.4 Comparison of analysis of stress-dependent strain derivation methods

The non-stressed state is the state of no resistance to the shrinkage and expansion of the
concrete mixture by the environmental load; this state can be reproduced by fabricating
environment-controlled beam specimens. However, the bottom of a real slab is constrained by
the self-weight, which acts as a stress resisting shrinkage/expansion.

To derive the stress-dependent strain, it is important to measure the non-stressed strain
caused by the early-age hydration and environmental factors. According to basic concepts, it is
reasonable to calculate the stress-dependent strain as the difference between the total strain of a
slab with restraints at the bottom part and the field top-open beam specimen. However, given
that the degree of exposure to the ambient temperature is different, it is important to eliminate
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Fig. 11. (Color online) Comparison analysis of dry shrinkage strain calculated by the newly proposed and NC
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only the thermal strain from the total strain in each case. In the case of the slab, the coefficient of
thermal expansion (COTE) was derived from the slope of the temperature—strain graph, and the
value multiplied by the temperature difference (A7) was subtracted from the total strain. In the
case of a beam specimen, the thermal strain was calculated by subtracting the total strain of the
chamber all-blocked specimen from that of the field all-blocked specimen, and this was
subtracted from the total strain of the field top-open specimen to derive the stress-dependent
strain.

Figure 12 shows the strain-dependent plots after the thermal strain was subtracted. The
fluctuation due to the daily temperature difference was eliminated, and given that the other
conditions were identical, the difference between the two values can be interpreted as the strain
corresponding to the stress caused by the restraint of the slab. As a result, as shown in Fig. 13, it
can be observed that a tensile strain of approximately 100 ue occurred. Thus, with the newly
proposed method, it was possible to derive the stress-dependent strain value in a more intuitive
and clearer manner than the conventional NC method.
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4. Conclusions

In this study, an intuitive new methodology associated with the evaluation of shrinkage strain
was developed by addressing the limitation of the conventional measurement of drying
shrinkage strain, which is critically affected by the slab surface, and by controlling the factors in
early-age shrinkage. The proposed method is convenient, reliable, and can be used to evaluate
the shrinkage strain of field concrete pavement. Its superiority was verified by comparatively
analyzing its results with that of the conventional measurement methodology of the non-stressed
system in field applications.

Strain behavior was evaluated by installing a strain gauge on the surface of the slab specimen
and four types of non-stressed specimens: top-open and all-blocked specimens covered with
aluminum tape placed in the field and in an environment-controlled chamber. By using non-
stressed beam specimens under controlled temperature and humidity conditions, autogenous
shrinkage, drying shrinkage, and thermal strain were derived. After the elimination of the
temperature effect from the slab, which was restrained at its bottom part, and the non-stressed
beam specimen, the tensile stress and strain applied to the actual slab were calculated from the
difference in strain. Thus, this method can be applied to the evaluation of early cracks.

Autogenous shrinkage was measured from the strain of the all-blocked specimen placed in an
environmental chamber. This was based on the concept that there was no temperature/humidity
change or moisture loss. Thus, only autogenous shrinkage strain was measured. The results
showed that the lower the w/c ratio, the larger the measured autogenous shrinkage strain.

Drying shrinkage strain is a key factor used for the control of construction and curing quality.
It was calculated by subtracting the total strain of the all-blocked specimens from the strain of
the field top-open specimen. Given that the conventional laboratory test or NC concept is limited
in that it does not reflect the effect of drying shrinkage in the field, the new method reflects an
improvement in this aspect. As a result of comparative analysis with the conventional NC
concept method, approximately 54% higher drying shrinkage strain was measured under the
same conditions. Thus, the effect of drying shrinkage on the real-world pavement can be
evaluated quantitatively.

Finally, in the case of stress-dependent strain, unlike the non-stressed beam specimen with
free shrinkage/expansion, a stress-dependent strain response was obtained as it occurred in the
slab restrained at its bottom part. By using the basic concept, the stress-dependent strain was
calculated by subtracting the total strain of the top of the slab from that of the field top-open
beam specimen. However, in the case of the beam specimen, unlike the slab in which only the
surface was exposed to the environment, the temperature effect occurred across the entire
surface; the stress-dependent strain was calculated from the total strain after the thermal strain

was subtracted. As a result, a tensile strain of approximately 100 pe was calculated, which
enabled the derivation of more intuitive and clearer results than those obtained by the
conventional NC method.

The superiority of the improved measurement methodology of early-age shrinkage strain in
field concrete (based on the use of non-stressed beam specimens proposed in this study) was
verified by comparisons with the conventional method; however, to establish the allowable
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criteria for each shrinkage and stress-dependent strain type, a sensitivity analysis is required.
Furthermore, additional research is needed to propose an optimal mix design suitable for the
environmental conditions in the field, such as changes in the autogenous shrinkage strain
according to curing method and w/c ratio.

This paper presents a health monitoring methodology for long-life concrete pavement. It can
be used as a quality control method during the initial hydration reaction of concrete pavement.
Independent shrinkage behavior can be classified to examine whether the cause of the initial
quality problem occurred from the material or the construction.
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