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NUMERICAL ANALYSIS OF SHRINKAGE STRESSES IN A MASS
CONCRETE

How-Ji Chen*, Hsien-Sheng Peng, and Yi-Feng Chen

ABSTRACT

A numerical model based on an actual structure in Taiwan 15 proposed to inves-
tigate the shrinkage behavior of mass concrete. A commercially available program,
ANSYS, which treais concreie as a homogeneows and isotropic material, was used in
the investigation, The stresses are assumed to be within the elastic range. The shrink-
age strains for various segments of mass concrete were evaluated according 1o cur-
rently available prediction equations (ACI 209, 1992: CEB-FIP. 1991). By convert-
ing these strain valwes into equivalent stresses based on Hook's law, finite element
computations were then performed to predict the long-term shrinkage behavior of mass

concreie,

Experimental verifications by nondestructive tests were carried out to confirm
the results of the numerical predictions, Comparisons show that the numerical pre-
dictions are in agreement with the experimental resulis,
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L INTRODUCTION

After being used for a long time, cracks in mass
concrete may be found on the surface of a structure.
This 15 due 1o a change of volume caused by the dry-
ing shrinkage of concrete (Mehta, 1986). The drying
shrinkage of mass concrete is mainly caused by the
uneven distribution of humidity, which also leads to
different shrinkage strains in different sections
{Mindess and Young, 1981; Kim and Lee, 1998).
Accurate evaluation of the amount of concrete shrink-
age is very important for pre-stressed concrete de-
sign and predicting cracking in mass concrete. In-
vestigators have proposed equations to predict the
drying shrinkage straim of concrete {ACI 209, 1992:
CEB-FIP, 1991). However, these equations do not
yield the same results. Hence, engineers and research-
ers have tried to learn how o predict the drying
ghrinkage strain in mass concrete precisely. as well
a5 the effect of drying shrinkage upon mass concrete.

A concrete cylindrical container (10,4 m in
diameter, 10.8 m in height and 2.5 m thick, built on a
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3 m thick foundation plate), located at the Institute
of Nuclear Energy Research in Taiwan, was selected
as the prototype structure for measurements and
analyses of actual cracks and shrinkage. The numeri-
cal model is established based on the real scale of the
mass concrete structure o permit analysis by the
ANSYS program. The drying shrinkage strain in dif-
ferent sections of mass concrele structures was evalu-
ated in accordance with various prediction eguations.
The calculated drying shrinkage strain is then trans-
formed into equivalent stress according to the gen-
eral Hook™s law, which is then applied to the mass
concrete model, Strains corresponding o equivalent
stress were used o simulate the drying shrinkage
strain. Finally, a nondestructive test, base on the
Time-of-Flight Diffraction Technique (Lin and Su,
1996; Lin er al., 1999}, is carried out to measure the
depth of cracks and to confirm the results of the nu-
merical predictions,

II. CONCEPT OF EQUIVALENT STRESS

Since the value of concrete strain cannot be con-
sidered as an input, the drying shrinkage strain is
transformed into an equivalent stress in numerical
calculations, It is assumed that the materials are ho-
mogencous and elastic; the relationship between the
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Fig. 1 3-ID solid element

drying shrinkage strain and the equivalent stress can
be derived according to the general Hook's law.

The stress-strain formula of the general Hook's
law is

£T+fm+£:=|—_%[cr,+:r_?+:r_.} (1)

where v is Poisson's ratio, E is clastic modulus, £
and o represent respectively the strain and stress; the
subscripts denote the directions of the Cartesian axes

Suppose that the element would shrink
homogeneously, 0 the strains and stresses on the
three axes are isotropic. Therefore, one has

where £ and @ represent respectively the drying
shrinkage strain and equivalent stross,

Twao different shape elements and a beam model
were chosen for verifving the applicability of the con-
cepl of equivalent stress, By using an element {Solid

Table 1 Comparison of theoretical and numeri-
cal solutions
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Fig. 2 Beam model

Brick 8 nodes 45 clement) with a 2:1:3 aspect ratio
(length. width and height). a linear spring (Beam 4
element) is added at each node in three directions with
stiffness approaching zero (see Fig. 1{a)). The mate-
rial parameters were used according to the actual con-
erete data, which are E=21.3 GPa, v=0.2, and the dry-
ing shrinkage strain was assumed 500 . The equiva-
lent stress calculated by the conversion formula (2)
is 17.75 MPa. Tri-axial uniform stress was placed
onto the element for calculation, The results of dry-
ing shrinkage strains in the X, ¥, and Z-axis direc-
tions are all 500 |1, the same as the assumed value
Another analysis performed vsed a tapered element
as shown in Fig. 1ih). All parameters used are the
same as for the element described above. Afier
calculation, the dryving shrinkage strains in X, ¥, and
Z-axis directions can be determined to be 500 y,
respectively, The strain result of the finite element
analysis shows that the concept of equivalent stress
is feasible. However, the corresponding stress result
i not the real stress caused by shrinkage, The origi-
nal equivalent stress must be subtracted from the re-
sult after analysis. In order wo verify the point. a beam
frame (the numerical model as shown in Fig. 2) is
analyzed. Suppose that each element of this beam
endurcs 84 | shrinkage strain in the £-axis direction.
The comparison of theoretical and numerical solu-
tions at three different places on this beam is listed
in Tahle 1. Due to the boundary condition of the two
fixed ends, the numerical solution of strain in the
Z-axis direction approaches zero. We find that the
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Fig. 3 Mumerical model of mass concrete

theoretical solution is also zero. As o stress, after
subiracting equivaleni siress from the numerical
solution, the solution is as same as the theoretical one
(shown in Table 1), The result verified the applica-
bility of the concept of equivalent stress.

Shrinkage is not the same in every pari of a mass
concrete structure. Three prediction formulas, the
specification of ACI 200 (1992), CEB-FIP (1991) and
the formula proposed by Kim and Lee (1998), were
used 1o determine the amount of drying shrinkage
strain. Stress and strain caused by shrinkage can be
obtained according to the equivalent siress concept,

1I. RELIABILITY OF NUMERICAL
CALCULATION

The precision of numerical calculation depends
on whether the result is convergent afler calculation.
Different mesh methods were used 10 test the preci-
sion of the numerical caleulation. A uniform distrib-
uted stress P applied from inside radiates toward the
outside to simulate a container enduring an internal
cxploding stress. The numerical model is of a con-
tainer with a circular wall and solid plate bottom (as
shown in Fig. 3), The aspect ratio of element is kept
under 4 and the inside angle at each cormer is between
45% and 135°. An internal pressure of 50 MPa is
applied. Considering the actual boundary condition
of the container, the center of the botlom is fixed in
three directions (X, ¥, and Z-axis) and the other parts
of the bottom are oaly constrained in the Z direction,
ihe circular wall is free. The material parameter is
compressive strength (fe")=20 MPa, £=21.3 GPa
and v=0.2. The result of the numerical calculation
i(Fig. 4) shows that if more than 10,000 clements are
used, boih principal siress and sirain converge. If
it is greater than 15,000, no matter what meshing
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Fig. 4 Maximum principal siresses and strains of mass concrele

methods we choose, the result is almost the same.
The maximum deviation of the principal stress or
principal strain is within £0.5%. That means the pro-
posed mesh method is very precise. Thercfore, a lo-
tal element number over 15,000 is adopted for the
following analysis.
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IV. PREDICTION OF DRYING SHRINKAGE

There are many empirical equations that have
been developed for the prediction of shrinkage. The
most common approaches are those of ACI and CEB,
The empirical equations recommend by ACI 200
(1992), CEB-FIP (1991} and Kim and Lee {1998)
were adopted to predict the shrinkage strain inside
miss concrete.

1. ACT 209R-92 Method

ACI Committee 209 recommended this empiri-
cal equation in 1992 that allows shrinkage to be esti-
mated as a functon of time of drying and ultimate
shrinkage. The shrinkage, (£,,),, at any time ¢ after
age T days For moist cured concrete is given by

eyl = ﬁ‘.&‘mh (3)

where (&), is the value of ultimate shrinkage., The
effect of others properties of concrete are given by
carrection factors:

(€)= T80 ¥ For Tl W d o 1 P 1070 i4)
where
12, =1
11, 1,=3
_Jo, =7
I Yo=4 093, £,=14
0.86, 1,=28
075, 1,=90

1, initial moist curing days

o 140-00104 , for 40= 4 < 80
ST 30000304, for 804 < 100

A: relative humidity (%)
3 %.=1.2 expl(-0.00472 wis)
wis: volume 1o surface ratio
4. y=0.89+0.001615

s slump (mm)

ot o 0.3 +00024¢, for o< 50%
IR 080+ 0002, for o= 5005

g fine aggregate percentage (%)
6. %=0.75+0.00061¢

o: cement content (kg)
T, o= 09540008 o

o air content (%)
2. CEB-FIP 1990 Method

CEB-FIP 1978 prediction formula of drying
shrinkage was later corrected in 1990 to be CEB-FIP
1990, The traditional CEB-FIP 1978 tends to neglect
some material parameters; hence, its prediclions are
relatively weak, The corrected CEB-FIP 1990,
however, considers the material parameters of 28-day
compressive strength and types of cement. The de-
tuiled prediction formula is as follows:

E-.’FEI.'!'PIIB:'EII_FI‘ {1"'}

where £, is the shrinkage strain at time ¢t after drying
commences at time f,; £., i5 the basic shrinkage
coefficient, which depends on relative humidity, type
of cement and compressive strength of concrete. £,
is given by

'Er'ul=£n'{.fcrn:|'ﬁRH 16.:'
where

es{fm]=[Iﬁﬁ+1ﬂﬁn-{9—j{ﬂlllﬂ“'

i
e =compressive sirength (MPa)
fome =10 MPa
B.. =4, low heat cement

5, mormal cement

&, high early strength cement

8 =155 By . 40% < RH <999
RE —1 025, RH = 00%

] _ R 3
Iﬁaﬂﬂ' _l {RHD

RH  =relative humidity (%)
RH, =100%

B, is a function corresponding o the change of shrink-
age with time, which depends on specimen dimen-
sions, is given by

(=10t o

=)=
Phi=t) lasmmm.11+{:-mrr.

{7

where
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Table 2 Data used in prediction formulas

Fine aggregate  Coarse aggregale

Design strength 4 3
(kg/cm®)(MPa) Slump (mm) Water (kg/m’) Cement (kg/m™) (kg/m’) (kg/m’)
210(20.6) 100 185 280 799 1056
: Curing time Prediction strength
Air content (%) R. H. (%) (days) Type of cement (kglem®)(MPa)
2 70 14 Type ] 280(27.5)

Portland cement

Sheiinknge sirnin (> -5y

i 250 hILE 750 L 250
Depih from surace (mm}

Fig. 3 Prediction of concrete shrinkage strain ot 20 vears of age

h =244 (mm)

A, = cross section (mm’)
g = perimeter { mm)

I =| day

fy = 100mm

3 Kim and Lee Method

The prediction equation proposed by Kim and
Lee (1998) allows shrinkage 1o be estimated as a fune-
tion of tme of drying and length of the diffusion path,
The shrinkage. £y, 1), is given by

&y, H=age™ %)
where

a :353x107 for w/e 0.65
238x10™ for wic 0,40

& -415.4 for wic 0.65
-426.1 for wic 0.40

A i
v :length of the diffusion paih (m)
i :shrinkage hours

All data needed in the prediction formula ( Table
2) are based on the design information of the

e

Shrinkage strain (<ii-#)

0 L — - . w—*—l
0 50 2 M0 TM) 1000 (M0 (400
Drepth from surfsce (mas)

Fig. 6 Averaged shrinkoge sirain

con-lainer. For comparisons, the predictions are car-
ried out up to 20 years, which are the current service
period of the container. The resulis of the predic-
tions are shown in Fig. 5. [t can be seen that the pre-
dictions of the shrinkage strains according to the CEB
and Kim-Lee formulas are very close. The result ac-
cording to the ACI prediction formula, however, is
significantly different. To obtain a neutral prediction,
the results of the three prediction formulas are aver-
aged out and the average drying shrinkage strain is
shown in Fig. 6. From the resulis of Figs. § and 6,
we can gel the dryving shrinkage strain on any section
in the container. The top surface (in vertical
direction) of the container (see Fig. 3) was covered
by mortar of over 100 mm. The bottom surface {in
vertical direction) was built on a continuous founda-
tiom plate (3 m thick). Therefore, both surfaces are
considered as closed surfaces and the water diffusion
path in this direction is ignored. The value is then
transformed to equivalent stress for numerical
caleulation, The respective equivalent stress is shown
in Table 3 while the corresponding element position
and serial numbers are shown in Fig, 7.

V. NUMERICAL ANALYSIS

The drying shrinkage strains. averaged from
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Tahle 3 Equivalent stresses al each element

Serial number of element 8 7.9 &, 10 5. 11 4,12 3,13 2. 14 1, 15
Average Shrinkage strai
T agestrain o 97 @3 w1 135 167 25 319
ACI - 209 (107
E:EIE: ﬂz Equivalent stress 398 271 1.20 3.96 48 503 7.64 1133
(MPa)
Shrinkage airain 1 3 7 15 33 72 157 348
(=10™
AT Equivalent stress
0.05 0.11 0.24 0.53 .16 2.54 3.58 12.26
(MPFPa)
Sheinknge steain 75 8 101 122 152 200 282 2
(=107
CEB-FIP oo est st
e phauiaos 266 306 358 432 541 T3 1001 13M
{MPa)
3 Top layer
] i
unanﬂ & Empirical temsile
> 4 saremgihy
‘.
Fig. 7 Arrangement of elemonts i 0 '
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s —
e
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Fig. &8 Radial disnbutions of chiinksge strains at dillerent beaghts

the resulis of the three prediction formulas (see Fig.
6). were used to predict the drying shrinkage behav-
ior of the container. The resulls of the numerical
calculation from the top laver. the middle layer and
the bottom layer of the numerical model of container
isee Fig. 3) are shown in Figs. § and 9.

The maximum principal strains caused by dry-
ing shrinkage of concrete are shown in Fig. 8. The
figure shows that mass concrete will shrink after long-
term drying shrinkage. In the interior of concrete,
the drying shrinkage strain gradient is relatively mild
and the principal sirains are smaller at about -150 p.

Basiiom Liyer

|

Shrinkage stiess (MPa)

i 0.5 | 1.5

B
L

L ross-sesc Lion {m)

Fig. 9 Radial distributions of principal siresses {averaged
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Larger strains appeared in the area ncar the surface,
The maximum strain valoe, -485 p, is found on the
bottom layer of the mass concrete surface. The main
reason for this is the interaction between the drying
shrinkage of the concrete body and the constraint ol
the concrete bottom. The result is in accordance with
the theoretical prediction.

Fig. 9 shows the result of the principal stress of
concrete caused by drying shrinkage strain, The prin-
cipal stress lies between -2.41 MPa and 5.22 MPa.
The siresses distributed on the interior sections of
concrele are compressive stresses. The ones on the
sections near surface are tensile stresses, The maxi-
mum tensile siress is found in the surface area of the
hottom, as it is influenced by the constraint of the
boundary condition.

Tensile strength is an important property of con-
crete that greatly affects the exieni and the size of
cracking in structures. Most literature (Mehta, 1986,
Mindess and Young. 1981) holds that the tensile/com-
pressive strength ratio depends on the level of com-
pressive strength, the higher the compressive strength,
the lower the ratio. In general, the ratio of ensile
strength 1o compressive strengith runges from (LO7 (o
.14, In this study. a more conservative value of 10
10 12,84 compressive strength is used to predict stress
that may cause cracking on the concrete. Fig. 9 shows
that the tensile stresses distribute on the wp layer near
the surface arca exceed the predicted value of crack-
ing stress. The tensile stress of the remaining area
will not lead to the occurrence of eracks. From the
figure, we can determine that the depth of cracks at
the top layer of the mass concrete is about 0.2 m. The
principal stress results at the middle layer of the con-
tainer {Fig. 9) show that the surface wrea of the con-
crete is under tensile conditions and the interior of
the concrete is under compressive conditions. The
depth of the cracks is also determined 1o be abow 0.2
m. The principal stress at the bottom layer of the
container is similar to the distribution at the middle
layer, but the tensile stress of the surface area is little
higher than those of the middle layer or the wop layer.
The reason is that it is influgnced by the boundary
conditions. The possible crack depth is also the same
as middle layer at 0.2 m.

The drving shrinkage behavior of the container,
predicted based on the shrinkage strains caleulated
irom the ACI 209 formula and the CEB-FIF formula
(see Fig. 5, are shown in Figs. 10 and 11. The re-
silts show that the distribution of principal stress is
similar o the above-mentioned result. The only dif-
ference is that the predicted depths of cracks of the
ACI mode are shallower, The top layer is about 0.2
m., the middle layer is about 0.2 m and the bottom
layer is about 0.2 m, On the other hand, the predicted
depths of CEB-FIP mode are deeper. The top layer

Tap layer
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H
5
Wliddle ]|:| T
g
£
2
1
E
5 -

Bettom lay er

il ﬂ'”
—rp— T
—— 7

Sheinkage sress (MPa)

L] (L5 | Li ] 2.3

Crows-sochon imi

Fig. 10 Ravisl distribations of principal stresses (ACT 2080 modcl)

is about 0.2 m. the middle layer is about 0.2 m and
the botiom layer is about 0.2 m. The predicted dry-
ing shrinkuge strain of the ACI 209 formula has o
greater gradient near the surface arca, but the affected
depth is shallower, The tensile stress at the surface
arca is larpger, which leads to a shallower crack depth.
The results of the CEB-FIP mode show a smaller ten-
sile stress at the surface area and decper cracks, This
is because its shrinkage gradient is milder thun thal
of ACI 209, Thercfore, although the concrele sur
face uppears to have lower tensile siress, the affected
depth is doeper and a deeper crack will be predicted
{see Figs. 10 and 11} In summary, the stress disiri-
bution predicied by the ACI 209 and CEB-FIP for-
mulas is similar to the result of analysis from the
average of the three prediction formulas (see Fig. 9).
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Meanwhile, the predicied depihs of the cracks are
close,

VI. NONDESTRUCTIVE TEST

A nondestructive test (Impact Echo) was cho-
scn for determining the crack depths in the concrete.
The tesi is economical. rapid and does nol cause any
damage in the concrete. The cracks of the container
measured by nondestructive test are shown in Table
4. The corresponding positions of the cracks are
shown in Fig. 3, The result shows thut the cracks on
the container mosily concentrate on the surface area
at an altitede of 4~7 m and crack depth varies from
0.07-0.14 m. The numerically predicied crack depth
is about 0.2 m. The two results are nol the same,

00 G i f = 1 2.4 S0

Tahle 4 Nondestruciive test resulls

3 Crack widths Location  Crack depths

Mumber {mm (8, h {mm)
1 0.2 i 3% 6.5m) 15
2 0.2 { 90%, 7.0 m) 130
3 0.2 { 15°,7.5 m) 120
4 0.2 ( 18% 6.0 m) 133
5 0.1 { 31° 6.5 m) 120
[ 0.1 (115%, 5.5 m) 125
7 0.1 {128°, 6.5 m) 115
B 0.2 (340°, 4.5 m) 114
9 0.2 (350°, 4.5 m) 137

This situation might be caused by not considering the
reinforcing bars in the analysis model. The depth of
top reinforcing bar in the whole building is 75 mm.
The reinforcing bar can share part of the tensile stress

Saiu FLuUL L T e U un' y g seinfinscaee T
Although the reinforcing har is not considered
the el cannot ceflect 5 oeal situation the

depth of cracks is reliable for the concreie cover re-

gion of the container. Comparison of the numerical

prediction result and the nondestructive test dats
shows that the two results are close and acceprable.

This verifies that the proposed method 1s reliable.

VII. CONCLUSIONS

Mumerical method is used 1o simulate the be-
havior of dryving shnnkage and to predict crack depths
in mass concrete. From the comparison of the no-
merical results and the nondestractive test resulis, the
conclusions can be summarized us follow:

I. The numerical calculation result shows that a bei-
ter convergence can be achieved if the aspect ratio
(length, width and height) of the ¢lement is within
4 and the mesh angle of the clement is between
45% and 135°. The maximum deviation of princi-
pal stress or principal strain is within £0.5%.

2. Based on the general Hook's law, the calculated
shrinkage strains in different sections of mass con-
crete are converied into equivalent siresses. The
stresses are further applied in the numerical model
1o predict drying shrinkage behaviors. This ap-
proach is proven o be applicable.

3. The stress distribution situations of mass concrete
predicted by the ACI 208 and CEB-FIP formulas
are similar to the result gained by averaging the
results of the three prediction formulas,

4, The ACI 209 prediction mode showed greater Len-
sile stress mear the surface area, but the affecied
depth 15 shallower and it predicied a shallower
crack. The CEB-FIP prediction mode showed
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smaller tensile stress at the surface area and deeper
cracks.

5. As the prediction model does not consider the ef-
fect of reinforcing bars, the predicted crack depths
are larger than those from the measurements.

fi. Comparison of the numerical prediction result and
the nondestructive test data shows that the numeri-
cal method to predict the shrinkage behavior of
mass concrete is reliable.
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NOMENCLATURE

E elastic modulus

! compressive strength

i} a function corresponding to the change of
shrinkage with time

E slram

gy, 1 the shrinkage estimated as a function of
time of drying and length of the diffusion
path

E. the shrinkage strain at time ¢ after drying
commences al me f,

Eocn the basic shrinkage coefficient

{Emhs drying shrinkage at any time r after age 7

days for moist cured concrete
(&5 hy the value of ultimate shrinkage
v Poisson’s ratio
i siress
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