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A novel experimental technique, Cure Reference Method (CRM), was developed for the measurement of
surface shrinkage in cementitious materials. The technique combines the replication of diffraction grating on
a specimen during the curing process and the use of high-sensitivity moiré interferometry. Once demolded,
the specimen was stored in an environmental chamber in order to establish specific curing conditions.
Measurements were conducted on a daily basis for the duration of 7 days by recording a set of the
consecutive phase shifted fringe patterns using the Portable Engineering Moiré interferometer II (PEMI II).
An automated fringe analysis system was developed and used to obtain displacement and strain information
in two dimenzsions. Surface shrinkage behavior in both cement paste and mortar specimens was
investigated by the use of the technique under controlled temperature and humidity conditions.
Furthermore, an experimental control was developed in an effort to remove the effects of drying shrinkage
on cementitious specimens at early ages. This was done in an effort to explore the relative contribution of
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autogenous shrinkage to the overall shrinkage in cementitious materials.
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1. Introduction

Concrete experiences volume change during its service life,
especially at early ages. Shrinkage development in concrete materials
is a volumetric change. The combination of shrinkage and restraint
contribute to the development of tensile stress and can subsequently
cause cracking. Thus, the characterization of the surface shrinkage
behavior in cementitious materials is important with regard to all the
aspects of concrete design, such as the design of slabs, pavements and
decorative concrete. Typically, the major contribution of total
shrinkage is a result of drying shrinkage due to moisture diffusion
and autogenous shrinkage due to hydration process between water
and cement [1]. Thus, there are several factors which influence the
shrinkage of cementitious materials, such as water/cement (w/c)
ratio, surrounding drying condition/humidity, aggregate ratio (sand/
cement =s/c), the geometry of the specimen and time [2-11].

Some experimental techniques have been used to measure the
development of early-age shrinkage in cementitious materials. ASTM
C157 is the standardized test method for the measurement of length
change of cements and mortar specimens [12,13]. However, this
method measures the average linear shrinkage. Embedded sensors,
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such as embedded strain gauges and fiber optics, are also popular for
the measurement of shrinkage [14-16]. These methods provide point-
measurements and the gathered information can be altered by the
intrusive nature of these tests. There is little research available with
regard to the two-dimensional measurement of surface shrinkage in
cementitious materials. An optical technique called the digital
photogrammetric method has been applied to measure the shrinkage
on a full-field basis [17]. Nevertheless, it does not provide high
sensitivity of strain measurement. Therefore, a two-dimensional,
nonintrusive and high-sensitivity experimental technique for the
measurement of time-dependent surface shrinkage in cementitious
materials would be an alternative to methods currently available.
Moiré interferometry is capable of measuring the relative displace-
ment on the surface of cementitious specimen with an accuracy of
0.417 umy/fringe.

Originally, the Cure Reference Method (CRM) was developed for
the measurement of residual strains that evolve in composite
materials [18-22]. The method has also been applied to the
measurement of post-gel chemical shrinkage of epoxies [23]. This
paper details the methodology of CRM for the surface shrinkage
measurement in cementitious materials. The CRM technique is
nondestructive in nature and measures strain in two dimensions
with a high degree of sensitivity. The method can be applied to the
measurement of time-dependent surface shrinkage because the
specimen measuring technique utilizes a diffraction grating which
does not degrade over time. Some examples of the results obtained by
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the moiré interferometry fringe patterns are presented herein. The
automated fringe analysis system used to investigate the surface
shrinkage behavior in both cement paste and mortar specimens is
discussed. In an effort to measure autogenous shrinkage due to
hydration, specimens were sealed to prevent the escape of moisture.

2. Experimental procedure

To better understand the details of the CRM experimental
technique, a brief summary of the procedure is provided. The first
step in this technique is to replicate the diffraction grating from a
master grating substrate to the surface of the cementitious specimen
after placement. The deformation of the specimen in the fluid state is
not measured in CRM. However, the volume change of cementitious
systems prior to setting is of little significance to inducing cracks. After
the cementitious specimen becomes elastic (after setting), stresses
can evolve within due to the constraining force provided from the
rigid substrate. At this point in time, the in-plane dimensions of
the specimen and the frequency of the grating on its surface remain
the same. Immediately after the specimen is separated from the rigid
substrate, the accumulated stress is released and the diffraction
grating and the specimen are deformed. The change in the grating
frequency captures the in-plane deformation of the specimen
remarkable precision and accuracy. As desiccation occurs, the grating
records the deformation on the surface of the specimen over time. The
grating acts as an absolute reference to the stress-free state.

=
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2.1. Replication of grating

The procedure for the grating replication is described herein is
illustrated in Fig. 1. Typically, the diffraction grating has a frequency of
1200 lines/mm.

Step1 A 57.1 mmx57.1 mm silicone rubber RTV 6428 grating
(master grating) is prepared by the replication from a photo
resistant diffraction grating. Envirotex Lite epoxy is mixed,
degassed, and added to master grating. Prior to placement, the
epoxy is mixed and set cures for 2 h at room temperature
(23 °C) to increase viscosity.

Step 2 A clean glass plate is then placed onto the pool epoxy in an

effort to make it as thin as possible. The glass plate is then

carefully removed horizontally from the master grating to
prevent beads. Typically, the resultant thickness of epoxy layer
is approximately 100 pm. Due to the relative thickness and

compliance after cure, the epoxy is considered to provide a

negligible amount of bonding to the cementitious specimen.

A mold made of GE RTV 627 silicone rubber with an inner

diameter of 28 mm and 11 mm in thickness is placed on to the

master grating. After mixing, the cementitious fluid is poured

into the mold and left to set for 24 h.

The cementitious specimen is then demolded and separated

from the master grating. Due to the lower bonding strength

between the epoxy layer and the master grating, the epoxy
diffraction grating is transferred onto the cementitious specimen.

Step 3

Step 4

Epoxy (cure 2hr)

Silicone rubber Mold

Fig. 1. Procedure of diffraction grating replication.
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2.2. Environmental chamber setup

In this experiment, a 10x10x 15 cm airtight storage container
served as the environmental chamber. Sufficient desiccates were
inserted into the chamber to create 0-2% relative humidity (RH)
inside of the chamber. Conversely, 100%RH environment was created
by replacing the desiccates with water. To create an environment with
an RH50%, potassium carbonate saturated salt solutions were used.
The laboratory temperature was standard room temperature of 23 °C.
A temperature chamber was used to establish higher and lower
temperatures such as 5 °C and 40 °C.

2.3. Equipment

The equipment used for the experiment shown in Fig. 2 is the
Second Generation Portable Engineering Moiré interferometer
(PEMI II). The operation of the high resolution digital camera and
the fringe shifting control is managed by computer software.
Typically, a set of 4 images is captured for the creation of a consecutive
phase shifted fringe pattern. The strain resolution obtained from this
equipment is approximately 50-100 .

2.4. Moiré interferometry surface shrinkage measurement

The CRM experimental technique applied moiré interferometry
[24] to measure the development surface shrinkage in cementitious
materials. Moiré interferometry is an optical technique to record two-
dimensional in-plane deformation information as interference fringe
patterns or contour maps of U (horizontal) and V (vertical)
displacement fields. The strains on the surface of the specimens
were determined from the displacement fields using the following
strain displacement relationships, where is N fringe order, f is two
times the frequency of the diffraction grating, and Ax or Ay is the
selected gauge length:

ouU % {ANX}

X7 o

5= O[]

YT Oox T f Ay 2)
_ 90U | 9V _ 1 AN, , AN,

= oyt ) .

For the measurement of shrinkage in cementitious materials, the
master grating was positioned in the moiré interferometer as the
reference grating for the tuning of the moiré interferometer to a null
field which is regarded as the absolute reference of non-deformation. By
replacing the master grating with the cementitious specimen, the initial
(day 1) fringe patterns are captured by the digital camera. Subsequent to
image capture, the specimen was stored in the chamber which provided
a specific environment for six days. Once every 24 h the specimen was
removed from the chamber and positioned in the moiré interferometer,
a set of the consecutive phase shifted moiré fringe patterns was
recorded. The specimen was returned to the environmental chamber
after completion of the measurement. An automated strain analysis
system based on phase shifting theory [25-27] was developed to obtain
the two-dimensional displacement and strain maps for the measure-
ments from day 1 to day 7. Shrinkage as a function of time and location
was determined accordingly.

3. Results and discussion

For this research, the measurement of shrinkage on the unsealed
cement paste and mortar specimens was performed. However, some
of the specimens were completely sealed in an effort to measure
autogenous shrinkage of cementitious systems. In the tests,
1000 x 1000 pixel U and V-field moiré interferometry fringe patterns
were recorded on a daily basis for 7 days.

3.1. Unsealed cement paste specimens

The cement paste specimens were made with 0.5 w/c using ASTM
C150 Type I Portland cement. Tests were performed for specimens
exposed to different combinations of environmental temperature and
humidity.

o Moiré interferometry

o U & V field Mechanical shutter

o Phase-shifting hardware
° Fixture and specimen

Fig. 2. Experimental setup PEMI II.
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(a) Fringe patterns at room
temperature and RH50%
Day1 Day2
Ufield .- Wt ,
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(C) Fringe patterns at room temperature and
RHO0% on day 2

(d) Fringe patterns at room temperature and
RH100% on day7

U field

|
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Fig. 3. Moiré interferometry fringe patterns for unsealed cement paste specimens at different drying conditions.
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Fig. 3(a) shows the U and V-field moiré interferometry fringe
patterns for the cement paste specimens at room temperature and
RH50% from day 1 to day 3. Both fields have similar fringe distributions
due to axisymmetric conditions. And, the number of fringes increases
with time and the fringe density is higher near the outer surface than in
the inner core. The concept that shrinkage is larger near the edges of a
cementitious specimen is consistent with reported values from
literature [28]. The initial fringe patterns (day 1) revealed a local
expansion or a potential swelling effect after the specimen was
demolded, but this was not significant.

Fig. 3(b) and (c) show the fringe patterns for specimens stored at
5 °C and room temperature respectively at RHO% on day 2. The results
indicate that the curing temperature is an influential factor to the
fringe distributions. This phenomenon is a result of the temperature
dependent rate of hydration of the cement paste. Higher curing
temperatures will result in larger rates of hydration [28] which,
contribute to the larger fringe patterns observed for specimens
exposed to higher curing temperatures for specimens which are the
same age. As observed with the other specimens, the fringe density
was higher near the outer surface as the examples shown in Fig. 3(a).
This phenomenon is due to a higher degree of shrinkage measured at
the outer surface.

Fig. 3(d) shows the fringe patterns at room temperature and
RH100% on day 7. Compared with specimens exposed to RH less than
100%, this specimen has fewer fringes in both fields. This phenom-
enon is due to the lack of relative surface shrinkage due to
dehydration of the specimen. The fringes curve outwardly as a result
of the nature of the measuring technique and there are enclosed
fringes close to the outer surface, which are a result of a relatively
large amount of localized surface shrinkage.

The two-dimensional maps for each day were obtained via the
automated fringe analysis system. Here, only the two-dimensional
information at room temperature and RH50% on day 2 is shown as
Fig. 4(a) in x-y coordinates. The surface shrinkage measurements are
converted to polar coordinates and presented in Fig. 4(b).

Day7
N=0

1
1
Swelling 1 Shrinkage :Swelling
: |
1
! Strain ¢ |
I XX
-200— —
i)
-100} - i
1
L S o | SO P S NG SSUURR S SYRS
=2 0
e R
2000200 400 600 800 1000
Pixel

Pixel

Pixel
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The displacement maps in both coordinate systems indicate that
the specimen experienced surface shrinkage. The fact that the surface
shrinkage is larger near the outer surface was found from the normal
strain maps in both coordinate systems, which again is consistent
with literature and previous results presented herein.

The shear strain map in x-y coordinate shows the maximum shear
strain occurred at four locations, which were on the outer surface in +45
and + 135° directions. The shear stain was approximately zero along the
vertical and horizontal center lines. A likely explanation can be attributed
to the use of the Mohr circle. In polar coordinates, the theoretical angular
displacement and shear strain equal zero due to axisymmetry. However,
the results show these two maps are not uniform due to the noise in the
analysis. However, the displacement and strain values in this direction
are insignificant compared with the other fields.

The strain analysis for the U-field fringe pattern at room temperature
and RH100% on day 7 is shown in Fig. 5. Globally, the specimen
experienced shrinkage from the U-field displacement information.
Locally, swelling occurred in the area near the outer surface due to
moisture gain; the inner area still experienced the some localized
autogenous shrinkage due to hydration. The locations of zero shrinkage
approximately correspond to the centers of the enclosed fringes.

Fig. 6 shows the surface shrinkage, which here was defined as the
value of radial strain, measured from the center of the specimen
(position =0) to the outer surface for specimens exposed to different
humidity conditions. Surface shrinkage increased with time and larger
shrinkage occurred in the area close to the outer surface. The results
are consistent with the notion that the rate of shrinkage will be larger
in localized regions of the cementitious volume which are adjacent to
the exposed surface.

Fig. 7 presents the results with respect to relative humidity and
temperature effects on the average surface shrinkage of cement pastes
over time. The average surface shrinkage is defined as the diameter
change of the specimen divided by the original diameter. It was
derived using Eq. (1) with the gauge length of 28 mm along the
horizontal centerline in the U-field fringe pattern or using Eq. (2) with

U-field displ t
e ield displacement (um)

800

600

400

200

0

0 200 400 600
Pixel

800 1000

Strain €, (k€)

0
0 200 400
Pixel

600 800 1000

Fig. 5. The strain analysis for U-field fringe pattern at RH100% and room temperature on day 7.
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Fig. 6. Surface shrinkage measurements from center to outer surface at different drying conditions.
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Fringe patterns at
room temperature
U field + Rotation carrier and RH0% onday 7

V field + Rotation carrier

Fig. 10. Moiré interferometry fringe patterns, their insets, and the insets with rotation
carriers for the mortar specimen with s/c = 75% at room temperature and RHO% on day 7.
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the gauge length of 28 mm along the vertical centerline in the V-field
fringe pattern.

3.2. Unsealed mortar specimens

The mortar specimens were made by mixing ASTM C778 sand with
cement and water (w/c=0.5). The fringe patterns for the specimen
with sand/cement ratio (s/c) =37.5% at RHO% and room temperature
are shown in Fig. 8. V-field fringe patterns are not presented here due
to symmetry with the U field which was established earlier within
this text. The inset reveals the fringes were affected by the existence of
the sand particles. Sand lowers the fringe density locally. However,
the counting of the number of fringes manually was used to
determine the average surface shrinkage of the specimen.

The displacement and strain analysis for day 2 fringe patterns is
presented in Fig. 9. The maps are relatively smooth which does not
reflect the actual strain information due to an averaging effect.
However, it is still acceptable and reasonable for the measurement of
the distribution of the strain to be measured globally. As observed
with the cement paste specimens, the surface shrinkage is larger in
the area close to the outer surface than in the inner core.

Fig. 10 shows the fringe patterns, the insets, and the insets with
carrier fringes of rotation for the mortar specimen with s/c=75% at
room temperature and RHO% on day 7.

The inset reveals counting fringes is challenging due to the
irregularity and distortion of fringe patterns. However, carrier fringes
of rotation make it possible to count the number of fringes for the
determination of a value for the average surface shrinkage. Carrier
fringes of rotation can be introduced into moiré fringe patterns by
rotating moiré interferometer with respect to the specimen.

The use of the superposed fringe patterns in the analysis does not
change the two-dimensional strain information. Theoretically, the
two-dimensional strain maps can be obtained with any size of gauge
length via the automatic fringe analysis system. However, in the event
the selected gauge length is too large, the resultant maps would not
reflect local information due to an averaging effect. Thus, the maps
would appear to be too smooth, with an apparent lack of localized

-1000

-1500

-2000

-2500

-3000

Fig. 11. Strain analysis with (a) large gauge length and (b) small gauge length for the mortar specimen with s/c = 75% at room temperature and RHO% on day 7.
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fringe patterns. Day 7 moiré fringe patterns were analyzed with both
small and large gauge lengths. Fig. 11 illustrates the difference in that
gauge length size has on the resultant fringe patterns. The strain
information with small gauge length might display the strain
distribution more properly. Consistent with the previous results
presented herein, larger surface shrinkage was measured in the area
near the outer surface. From Fig. 11(b), the surface shrinkage of
mortar specimens was lower compared to cement specimens due to
the existence of the distributed sand within the mix.

Fig. 12 shows both fine aggregate quantity and RH effects on the
average surface shrinkage of mortar specimens. The results clearly
indicate that mortar specimens which have a larger quantity of sand,
have a lower average surface shrinkage which is consistent with
results reported in literature [28]. Also, the average surface shrinkage
increases with a decrease in relative humidity.

3.3. Sealed cement paste specimens

In an effort to investigate the component of autogenous surface
shrinkage with respect to the overall shrinkage, the entire cementi-
tious specimen was sealed with aluminum sheets and then wrapped
with plastic wrap Instead of being stored in the chamber. This was
done to prevent the exchange of moisture with the surrounding
environment and to remove the effect of surface drying shrinkage.
Once a day the specimen was unsealed, a measurement was taken as
quickly as possible and then the specimen was resealed after testing.
Fig. 13 shows the fringe patterns for w/c=0.4 & 0.6 at room
temperature on day 7.

The results indicate that the fringes are quite uniformly spaced at
both the center and near the outer surface. Unlike the results for the
specimens which were obtained for the unsealed specimens, the
sealed specimens do not experience differential surface shrinkage.
These results indicate that the surface shrinkage effects due to drying
shrinkage did not take place for these specimens and the measured
surface shrinkage was primarily due to autogenous shrinkage as a
result of hydration. Fig. 13 indicates that the number of fringes
developed by the specimen with a w/c of 0.4 is greater than those
developed in the specimen with w/c of 0.6 This phenomenon is due to
the differences in hydration rate of cementitious specimens with
different w/c, where lower w/c specimens hydrate and experience
shrinkage at a faster rate [29]. The U-field fringe pattern on day 7 is
shown in Fig. 14.

The strain maps obtained through the automated fringe analysis
were not uniform due to systemic noise. However, the U-field strain
map results indicate that the strain is uniform over the entire field
subsequent to the enlargement of the scale. By obtaining displace-
ment fields and plotting the displacement distribution along the
horizontal axis, the results indicate that the slope is very close to
constant, which indicates the surface strain is uniform. Both w/c ratio

Aggregate effect( RH=0%&T=23+1°C)
4000

8500 . Without sand
3000 F o 37.5%

2500 | 75%
—5—100%

2000

1500 |

1000 |

500 |

Shrinkage (ue)

-500

Fringe patterns at room temperature and
on day 7 with w/c ratio=0.4

\W\/ field

Fringe patterns at room temperature and
on day 7 with w/c ratio=0.6

U field

Fig. 13. Moiré interferometry fringe patterns for sealed cement paste specimens.

and temperature effects on surface autogenous shrinkage were
investigated and the results are presented in Fig. 15. The results
illustrate that autogenous shrinkage increased with decreased w/c
ratio and with increased temperature at early ages.

4. Conclusions

The experimental technique for the measurements of shrinkage in
concrete materials has been developed based on the Cure Reference
Method and high-sensitivity moiré interferometry. An automated
strain analysis system was developed and applied to obtain the two-
dimensional displacement and strain maps in both x-y and polar
coordinates. This technique measures the changes to the surface of
cementitious which is different than the measurement of volumetric
changes. However, the technique provides a highly-sensitive/highly-
accurate system for the measurement of surface changes in
cementitious materials. The technique provides an accurate measure-
ment of autogenous shrinkage of cementitious materials. The
experimental results have shown that the shrinkage behavior of
cement pastes and mortars had agreement with that documented in

RH effect( S/C=37.5%&T=23+1°C)
4000

3500
3000
2500
2000 a9
1500 |

1000 Fd
500 - o
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—&— RH=60%

Shrinkage (le)
|
\
%

-500

Fig. 12. Aggregate and relative humidity effects on the average surface shrinkage for unsealed mortar specimens.
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Fig. 14. Analysis for the sealed cement paste specimen with w/c= 0.4 at room temperature on day 7.
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Fig. 15. Autogenous surface shrinkage results with various w/c and temperatures.

literature. The experimental data can be used in numerical model to
determine the material property of shrinkage.

5. Limitations

This technique measures the surface displacements of cementitious
materials, and the results differ from the actual strain distribution of
natural cementitious materials.

Therefore, the technique does not capture the total volume change of
that occurs within a cementitious system, nor can it account for
moisture gradients that occur across the depth of the sample. Since
moiré interferometry is limited to the measurement of deformation of a
maximum area of around 35 mm in diameter, lager samples cannot be
tested. However, further research and potential application of this

method should include the creation of a Finite Element model which can
be used to predict shrinkage in larger cementitious specimens after
surface shrinkage properties are determined. Furthermore, the use of an
epoxy bonding system adds a degree of uncertainty to the nature of the
surface displacement measurements. Differential moisture gradients
and contributions to tensile restraint are two potential effects that have
not yet been accounted for per this testing method.
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