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ABSTRACT

The effect of considering the third dimension in mass concrete members on its cracking
behavior is investigated in this study. The investigation includes thermal and structural analyses of
mass concrete structures. From thermal analysis, the actual temperature distribution throughout the
mass concrete body was obtained due to the generation of heat as a result of cement hydration in
addition to the ambient circumstances. This was performed via solving the differential equations of
heat conduction and convection using the finite element method.

The finite element method was also implemented in the structural analysis adopting the
concept of initial strain problem. Drying shrinkage volume changes were calculated using the
procedure suggested by ACI Committee 209 and inverted to equivalent temperature differences to be
added algebraically to the temperature differences obtained from thermal analysis.

Willam-Warnke model with five strength parameters is used in modeling of concrete material
in which cracking and crushing behavior of concrete can be included. The ANSYS program was
employed in a modified manner to perform the above analyses.

A thick concrete slab of 1.5m in thickness and 10m in length was analyzed for different widths
2, 4, 8, and 10m to produce different aspect ratios (B/L) of 0.2, 0.4, 0.8, and 1.0 respectively. The
results of the analyses show an increase in cracking tendency of mass concrete member as the aspect
ratio of the same member is increased due to the effect of transverse base restraint. Accordingly, such
effect cannot be ignored in the analysis of base restrained mass concrete structures subjected to
temperature and drying shrinkage volume changes.
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INTRODUTION

Mass concrete is an expression usually used for any concrete structure with dimensions large
enough to cause structural problems during and after the construction period. These problems are
mainly the occurrence of cracking due to temperature variations and shrinkage volume changes. Like
any solid material, concrete is affected by increase and decrease of temperature. The effect appears as
a thermal strain that occurs within the concrete structure when it is prevented or restricted from
motion, i.e., restrained. The second category of volume change is the drying shrinkage, which is
related to the drying and shrinking of the cement gel.

ACI 207 Committee (ACI Committee 1995) suggested the following equations to be used to
calculate the degree of restraint for rigid continuous base restraint.

[(L/H =2)/(L/H + 1) for L/H > 2.5
[(L/H —1)/(L/H +10)"" for L/H < 2.5

“r M
KR

where

L/H = length to height ratio, and

h = the height at which the degree of restraint is calculated.

As can be noticed, ACI 207 Committee neglects the effect of the restraint in the transverse
direction and hence, eq. (1) can be applied to the concrete walls only. Therefore, it is the objective of
the present study to investigate the effect of transverse base restraint, i.e., effects of 3" dimension on
the behavior of massive concrete and therefore cracking tendency and cracking prevention in such
structures.

THERMAL ANALYSIS
Based on Fourier’s Law for heat transfer, the heat conduction equation can be expressed as
follows (Holman, 1981):

o0°T 0T o0°T oT
k +k +k +{0=pC,— 2
X 8x2 y ayz z 822 q=p p ot ( )
where,

kx, Ky and k; = heat conductivity of the material in X, y and z-direction respectively,

T = the difference between absolute and reference temperatures,

J = heat generation per unit volume,

Cp = specific heat, and

p = density.

On the other hand, heat may transfer by convection according to the following Newton
formula (Holman, 1981):
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q = Jhe, (T T, HA 3
A
where,

h,, = convection heat transfer coefficient (film coefficient).

T_= bulk fluid temperature.

T = temperature.

Both of the above equations may be descritized using Raylieh-Ritz variation process to derive
an expression employing the finite difference method to overcome the time-rate nature of the problem,
that is,

[K: Jtasy =" (@)

where,

[:]-[k.]+ €

* C
{F }: {AF(t)}+[Z1:]{A5(t—At)}
Eq. (4) is used in the finite element method to predict the temperature distribution within the mass
concrete body invoking the described initial and boundary temperatures as follows:
1. Initial temperature = concrete placement temperature = 20 °C.
2. Bulk ambient temperature T,, which is specified for Baghdad climate according to Kammouna,
2001, from:

T, =29.815 — 15.291*c0s(0.893t) (5)
where, t is time in days.

SHRINKAGE STRAIN CALCULATION

Following the procedure recommended by (ACI Committee 209, 1992) and taking the ambient
circumstances and concrete mixing and placing conditions, the drying shrinkage strains may be
calculated as a function of time after curing period for concrete which is assumed to be seven days.

Quoting the concept of evaporable moisture content that was adopted by Carlson, 1937, the
distribution of drying shrinkage strains may be assessed within the body of mass concrete member.
Table (1) shows such distribution in which the values of drying shrinkage strains seem very low. Such
observation may be related to the non-convenience of eq. (6) that was suggested by ACI 209
Committee (ACI Committee, 1992) and used to estimate shrinkage strain-time relation.

(e =5 (o), ©

where,

(&n)t = shrinkage strain at any time t (in days), and

(&n)u = ultimate shrinkage strain = 780*10°°.
As can be seen from eq. (6) 50% only of the ultimate shrinkage strain occurs at 35 days after curing.
However, one can conclude from the trend of the drying shrinkage strains as they are decreased with
the increase in the width of the slab as the major cause of cracking in large mass concrete members is
the temperature variation rather than shrinkage volume changes.
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ADOPTED COSTITUTIVE RELATIONSHIP FOR CONCRETE
The concrete was modeled using Willam and Wranke model (Willam and Wranke, 1974)
which predicts failure of brittle materials in which the cracking and crushing modes should be
accounted for. The criterion for failure of concrete due to a multiaxial stress state can be expressed in
the form:
F
520 )
fl
where,
F = a function of the principal stress state (cxp, Gyp, Ozp),
S = failure surface expressed in terms of principal stresses and five input strength parameters
as follows:
f, = ultimate uniaxial tensile strength in MPa
f." = ultimate uniaxial compressive crushing strength in MPa,
fop = ultimate biaxial compressive strength in Mpa,
o, = ambient hydrostatic stress state in MPa,
f; = ambient hydrostatic stress state of biaxial superimposed on hydrostatic stress state in Mpa,
and
f, = ambient hydrostatic stress state of uniaxial superimposed on hydrostatic stress state in
Mpa.
For simplicity, Willam and Warnke, 1974, suggested the following equations to calculate three
of strength parameters in terms of f. in case of |ah|£\/§ f.. Thus, the failure surface S can be

specified with a minimum two constants, f; and f; .

be = 1.2 fC’
f, =1.45f, (8)
f, =1.725f,

Failure of concrete is categorized into four domains. In each domain, independent functions
were specified to describe the function F and the failure surface S. The failure surface S can be seen in
Fig. (1).

Compression-Compression-Compression Domain(0 < 61 < 6, < 03)

In this case, F takes the form:

1 2 2 2 >
F:F:L:E[(O-l_o-z) +(0, —03) +(‘73_O'1)F )

and the failure surface S is defined as:

=

S—s, - 2r, (rz2 —r? )cosn+ r,(2r, —r, )[4(r22 —r! )cos2 17 +5r] —4r1r2F

10
a(r2 -2 )eos? n+(r, — 2r, )? (10)

where,
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in which n = angle of similarity, and

1

cos 7 =
\/E[(O'l_o'z)z +(O'2 _0'3)2 +(O'3 —0'1)2 2
I =a +a1§+a2e§2
r, =by +b1§+b2§2

_%n
&= f:
The undetermined coefficients ag, a1, a», b, b1, and b, are discussed below.

When n = 0% S; in eq. (10) is equal to r; while if n = 60° S; is equal to r,. Therefore, the

function r; represents the failure surface of all stress states with n = 0°.
The function ry is determined by adjusting ao, ai, and a, such that f; , fs, and f; all lie on the

failure surface. Mathematically:

T

|-

(51 = f/,0, =03 =0)

’

1¢ fﬁ dg
(11)

,(Ulzovo'zzasz—fcb) =11 & fczb aQ
: 14 6812 4

_ a _ _ a
(0'1 =—0ph,0) =03 =—0Op — fl)

—h —h
| s

|

'
c

—h

- . f’ f O_a 2f
C C c c

The proper values for the coefficient ap, a;, and a, can be determined through the solution of the

simultaneous equations given in eq. (11).
The function r; is calculated by adjusting by, by, and b, to satisfy the conditions:

F _ -
f—l,(0'1=02=010'3:_fc') 11
¢ 3 9 |(b
Pilo 20y =—0tiog=—0f — 1, ) =| 1 2 Up 12
S\oy =0, =—0y,05=—0,-f,p=|1 & & 1 (12)
i 0 1& & (b
where,
op f,
is defined by: =——T— .
& y: & £ 3¢
and & is the positive root of the equation:
(13)

I (50 ) =8y +a,&) +a,&¢

in which ay, a1, and a, are evaluated by eq. (11).
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Since the failure surface must remain convex, the ratio ri/r, is restricted to the range
(0.5<r1/r,<1.25), although the upper bound is not considered to restriction since (r1/r, < 1.0) for most
materials. Also, the coefficients ap, a;, a2, bo, b1, and b, must satisfy the conditions:
3>0,a<0,a<0
by >0,b;<0,h,<0
Therefore, the failure surface is closed and predicts failure under high hydrostatic pressure (&< &»).
This closure of the failure surface has not been verified experimentally and it has been suggested that
Von Mises type cylinder is a more valid failure surface for large compressive op-values.
Consequently, it is recommended that values of f; and f, are selected at a hydrostatic stress level in the
vicinity of or above the expected maximum hydrostatic stress encountered in the structure.

Eq. (9) describes the condition that the failure surface has an apex at & = &y. A profile of r; and
r, as a function of & is shown in Fig. (2).The lower curve represents all stress state such that n = 0°
while the upper curve represents stress state such that n = 60°. If the failure criterion is satisfied, the
material is assumed to crush.

Tension-Compression-Compression Domain (61 > 0> o2 > o3)

In this regime, F takes the form:

1
F=F, = 15 [(0'2—63)2+022+J§F (14)

- T
and S is defined as:

1
oy J 2p,(p2 ~ p2 Joos -+ p, (2p; — p, J4(p2 — p? Joos? +5p? ~4p, p, |2 (15)
fy 4(p22 - p12 )COSZ 77+(p2 _2p1)2

where cosn is already defined above, and
=8y +ayy+a,y°
Py =by +byy +b, 7?
x= %(0'2 +03)
The coefficients ag, ai, az, bo, b1, and b, are defined by eq. (11) and eq. (12).
If the failure criterion is satisfied, cracking occurs in the plane perpendicular to the principal
stress oj.

Tension- Tension -Compression Domain (o > 62> 0> o3)
Here the function F takes the form:

F=F =0 ;i=12 (16)
and the failure surface S is defined as:

!
f [

S=S,=-t|1+—3  _|:i=1.2 17
: f'[ SZ(O'i,O,Gg)J ()

c
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If the failure criterion for both i = 1, 2 is satisfied, cracking occur in the planes perpendicular
to principal stresses o1, o». If the failure criterion is satisfied only for i = 1, cracking occurs only in the
plane perpendicular to principal stress o;.

Tension- Tension - Tension Domain (61 > 62> 0> o3)

In this regime, F takes the form:
F=F,=0, ;i=123 (18)

and S is defined as:
S=8,=-% (19)

If the failure criterion is satisfied in directionsl, 2, and 3, cracking occurs in the planes
perpendicular to principal stresses o1, o2, and o3, otherwise, cracking occurs in plane or plane
perpendicular to the directions of principal stresses where the failure criterion is satisfied.

IMPLEMENTATION OF THE FINITE ELEMENT METHOD

According to Fung, 1965, the effect of temperature changes on an elastic body subjected to
external forces may be determined using one of the followings:
1. Solution of the discretized form of the coupled thermo-elastic equation in which the effect of both
temperature and displacement on each other may be determined, i.e. the displacement due to unit
temperature change and vice versa. However, this procedure is not usually used especially in problems
where the temperature changes are not high enough like in mass concrete problem.
2. When the simplifying assumptions mentioned in (1) above are introduced, the theory is referred to
as an uncoupled, quasi-static theory; it degenerates into heat conduction and thermoelasticity as two
separate problems. Experience shows that the change of temperature of an elastic body due to
adiabatic straining is, in general, very small. If this interaction between strain and temperature is
ignored, then the only effects of elasticity on the temperature distribution are effects of change in
dimensions of the body under investigation. The change in dimension of a body is of the order of
product of the linear dimension of the body L, the temperature rise AT, and the coefficient of thermal
expansion a. If L= 1m and AT = 100 °C, o = 10*10°® per °C, the change in dimension is 10°m, which
is negligible in problems of heat conduction.

The equivalent temperature changes to the estimated drying shrinkage strains may be
calculated using the following simple relation:

ATpg = 250 (20)
(04

c

where,

ATps = drying shrinkage equivalent temperature change,

gh = shrinkage strain, and

o = coefficient of thermal expansion of concrete.

Then the equivalent temperature changes to drying shrinkage may be added algebraically to
the temperature changes resulting from thermal analysis. The effect of this sum of temperatures,
which appears as thermal stress and strain, may be detected using the second method described in (2)
above. This means that the problem is treated as “an initial stress or strain” problem. The term “initial
stress” signifies a stress present before deformations are allowed. Effectively, it is a residual stress to
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be superposed on stress caused by deformation. The effect of temperature changes can be placed as
initial strain &, or initial stress and strain o, and &,. Both are viewed as alternative ways to express the
same thing (Cook, 1989).

In a linear elastic material, the stress-strain relation is (Cook, 1989):

&= £ + &, (21)
where,
€o = Initial strain = o, AT
or,
o= E(g—go) (22)
The strain energy U, is defined as (Cook, 1989):
U, =] Z dv (23)
V 2
Substituting eq. (22) into eq. (23):
U, :jE(S—go)zdv
V 2
or,
UO=I§(82—2w0+8§)dv (24)
\

The third term in the parenthesis in eq. (24) can be omitted since it is independent of nodal
displacements. Then its derivative is equal to zero. Thus,

U, = j%(gz —2a8, Jiv (25)
Vv
i = . . .
Writing u, = E(g —Zggo)dv = is the energy per unit volume. Hence, for a state of multiaxial stresses:

u, =212 [De} L= [DYeo) (29)

where
[D] = the constitutive relations matrix for concrete and is defined for linear-elastic material as
follows (Cook, 1989):
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v (1-v) v 0 0 0

v v (1-v) 0 0 0

E 0o 0 o0 = o o
Dl=— — 27
Pl o) ? &7

0o 0 o0 o =% 4

The potential of external load may be expressed as:
2., =-u g} (28)

where,
Lul = the displacement field vector, and
{¢} = the load vector.
Furthermore, the potential of body forces is given by:

Oy = LUJ{'E} (29)

where
{If} = the body force vector, which is any force distributed over the entire volume of the body

like the self-weight.
The total potential energy per unit volume can be written in the form (Cook, 1989):

1, =U,+Q2= %LeJ[D]{e} ~| 2 [DJeo }-Lulg}-LuJF} (30)

The total potential within the element is:

Hpe =j17podv (31)
17,, = L2 Jolelav— L Dl v~ lu gk~ Lu iF o @)

Since,

ul=[NJe (33)
where,

[N] = shape function matrix, and
{e} = nodal displacement vector.
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Also,
{e}=[Blle} (34)
where,
[B] = strain-nodal displacement matrix.
Hence,
1 _
11, =~ ile]B]' [D)fejav [ e [BIDNe, v~ fle INT {plds — [l e [NJiF jov (35)
Vv Vv S Vv

which after simplification and introducing effects of externally applied nodal forces becomes:

17, = e [K]fe}-LeR}-LeJfF) (36)

where, {F} = externally applied nodal forces vector.

Applying the minimization of the total potential yields:

oty
ole}
[KJie} = {F}+{R} (37)

where, R} = {[B]T [D]e, Jdv + {[N]T{IE dv + £ INT {glds

Eq. (37) will be used in the analysis of the mass concrete due to effects of temperature and
drying shrinkage volume changes.

COMPUTER IMPLEMENTATION

Besides the “Graphical User Interface (GUI)” that is commonly used in software packages,
ANSYS program proposes a programming language similar to some extent to the conventional
FORTRAN language. The proposed language is referred as APDL (ANSYS Parametric Design
Language).

A modified ANSYS program is adopted in this study. This consists of a main program and
four subprograms. The main program contains the principal steps of analysis and required calls for
subprograms. Each of these subprograms is responsible of some limit tasks like:

- Performing the thermal analysis,

- Storing temperature values in a pre-dimensioned array,

- Calculating drying shrinkage strains throughout the concrete body, and

- Conducting the nonlinear structural analysis by considering the effect of concrete aging via
updating concrete strength parameters (f; , f., Ec) after deleting the thermal finite element mesh
and constructing a new structural one.

Two Types of elements are used in this program:
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Thermal Solid 70: This element is an eight-noded brick element with one degree of freedom,
temperature, at each node. The element is applicable to a three-dimensional, steady state or
transient thermal analysis.

Structural Solid 65:This element is used for the three-dimensional modeling of the concrete with
or without reinforcing bars. The element is defined by eight nodes having three degrees of
freedom at each node: translations in the global X, y, and z directions. It is capable of considering
cracking in tension and crushing in compression.

PROBLEM DESCRIPTION AND RESULTS

To investigate the effect of the transverse base restraint on the cracking behavior of mass
concrete member due to temperature variation and drying shrinkage volume changes, a nonlinear
finite element analysis was applied to base restrained thick concrete slab. Four different aspect ratios
(width/length) were considered for the case of a slab with fixed bottom cast at the first of January
(winter concrete placement) in Baghdad. The aspect ratios were 0.2, 0.4, 0.8, and 1.0 and obtained by
fixing the length of the slab to 10 meters and varying the width as 2, 4, 8, and 10 meters. In all these
cases, the thickness of the slab was taken as 1.5 m.

Thermal and structural analyses were conducted on the slab including all the surrounding
circumstances and boundaries utilizing the finite element mesh shown in Fig. (3).

The temperature distribution in the central sections along the length and width directions at
some times after concrete placement are shown in Figs. (4) to (15). The assessed final cracking pattern
of the concrete slabs with different aspect ratios can be seen in Figs. (16) to (19).

CONCLUSIONS

The following conclusions can be drawn from the results of the analysis:

1. Value of peak temperature increases with increasing aspect ratio (B/L) of the slab. This may be
related to the increase in the magnitude of heat generated upon concrete placement due to volume
increase.

2. A small temperature drop at the 28" day of concrete age is noticed as the ratio B/L is increased.
This is related to the effect of the volume to surface ratio (\V/S), since the temperature increases with
increasing the aspect ratio (B/L).

3. The number of primary cracks (cracks that extend over the entire thickness) increase with
increasing width of the slab, i.e., the aspect ratio. This can be interpreted as a result of the
considerable increase in restraint provided by the slab base and the increase in the maximum
temperature due to the hydration process after concrete placement.

4. The full-depth cracks are concentrated at the central portion of the slab where the maximum drop
in temperature occurs.

From the above and since it was concluded previously that the major cause of cracking in the
thick slabs is temperature drop, the effect of the third dimension (width) cannot be ignored when the
response (stresses and cracking) of this type of structures is required. Unfortunately, most of the
standards like ACI-Committee neglect the effect of the third dimension and assume a uniform
temperature distribution.

Table (1) Drying shrinkage strains

Drying shrinkage strain (10°)
Slab width =2.0m | Slab width=4.0m | Slab width =8.0m [ Slab width = 10.0m
After ... days After ... days After ... days After ... days

d/H
*)
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(*) d/H defines the ratio of the depth from top surface / the slab thickness H.
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Fig. (2): A profile of the failure surface, after ANSYS Inc.
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"_S@Zm _L_S@We . 3@2m _’< L

Notes:
- W, = concrete element width (variable) = 0.25, 0.5, 1.0, or 1.5 m.
- Dimensions are not to scale.

Fig. (3): Finite element mesh for a thick concrete slab problem
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Note: Temperatures are in °C

Fig. (4): Temperature distribution in a slab with B/L=0.2 (3 days after placement)

22 21 20 19 18 17 16

-1 0 1 .
-1.0 -05 00 05 10

Along length direction Along width direction

Note: Temperatures are in °C
Fig. (5): Temperature distribution in a slab with B/L=0.2 (28 days after placement)
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Fig. (6): Temperature distribution in a slab with B/L=0.2 (180 days after placement)
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Along length direction

Fig. (7): Temperature distribution in a slab with B/L=0.4 (3 days after placement)

Along length direction

- 0 1
Along width direction

Note: Temperatures are in °C
Fig. (8): Temperature distribution in a slab with B/L=0.4 (28 days after placement)
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Fig. (9): Temperature dlstrlbutlon in a slab with B/L 0 4 (180 days after placement)

Along length direction

Along Wldth dlrectlon

Note: Temperatures are in °C
Fig. (10): Temperature distribution in a slab with B/L=0.8 (3 days after placement)
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Fig. (11): Temperature distribution in a slab with B/L=0.8 (28 days after placement)
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Fig. (12): Temperature distribution in a slab with B/L=0.8 (180 days after placement)
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Fig. (13): Temperature distribution in a slab with B/L=1.0 (3 days after placement)
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Fig. (14): Temperature distribution in a slab with B/L=1.0 (28 days after placement)
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Fig. (15): Temperature distribution in a slab with B/L=1.0 (180 days after placement)

Side view of the central section along length direction

Top view

Fig. (16): Final cracking pattern for slab cast in winter with B/L=0.2
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Side view of the central section along length direction

Top view

Fig. (17): Final cracking pattern for slab cast in winter with B/L=0.4

Side view of the central section along length direction

Top view

Fig. (18): Final cracking pattern for slab cast in winter with B/L=0.8

Side

of the central section along length direction
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Top view

Fig. (19): Final cracking pattern for slab cast in winter with B/L=1.0
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