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ABSTRACT

This report descfibes the current version of the computer
program SHRINC (SHRINkage in Concrete). The program calculates
nonuniform drying shrinkage histories within concrete prismatic
members. A nonlinear finite element formﬁ]ation which considers
the moisture dependence of material properties is used in SHRINC.
The finite element formulation, the idealization of material pro-
perties and boundary conditions, the numerical approach, and practi-
cal aspects of using the program are discussed. In the report, a
users' manual for SHRINC, a sample problem with listings of input
and output, and a complete Fortran listing of the program are in-

cluded as appendices.
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1. INTRODUCTION

1.1 Purpose and Scope

This report presents the current version of SHRINC, a computer
program designed to calculate the nonuniform drying shrinkage his-
tory within concrete prismatic members. The moisture diffusion
equation is used to model the shrinkage phenomenon. A finite ele-
ment method coupled with time step integration was chosen as the
solution approach.

The current program determines shrinkage variation in a two-
dimensional cross-section. The effects of temperature on shrinkage
development are not considered. A version of SHRINC designed to
solve three-dimensional, temperature-dependent shrinkage problems
will be available at a later date.

In the report, the theoretical model and solution techniques
are derived, the organization of the computer program is explained,
and a commentary on practical aspects of using the program is made.
The appendices contain fully annotated input instructions, a sample
problem with input and output, and a Fortran listing of the program.

1.2 Nature of Drying Shrinkage

The physical process of shrinkage is complex and not fully
understood. Basically, moisture flows to the specimen's surface and
into the ambient drying environment, and concrete contracts due to
this moisture Toss. Moisture flow through concrete is extremely
slow; a large member can be exposed to a long period of drying and'

show very little shrinkage deep in its interior. For example, in
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a 40 inch x 40 inch column after three years of drying, shrinkage
at the center of the cross-section will be only 1/10 the shrinkage
at the surface [2]. Resistance to moisture flow varies both with
concrete materials properties, e.g. diffusivity, and with the state
of the material, e.g., temperature and moisture content. These same
factors control the speed of flow across the specimen surface; other
factors controlling the speed of flow are environmental conditions
(especially ambient relative humidity) and the characteristics of
the surface itself. Ultimate unrestrained shrinkage strain - the
contraction experienced by each element of concrete when the drying
process is completed - also varies greatly from concrete to concrete
and from one set of environmental conditions to another. This ul-
timate shrinkage can occur only in the laboratory, since under
ordinary climatic conditions periods of evaporation alternate with
periods of moisture absorption and the drying process is never com-
pleted.

Shrinkage is nonuniform and varies throughout the section of
a member. Because physical compatibility must be maintained between
adjacent material fibers a complex system of stresses is established.
The stress pattern is usually tension near the drying surfaces and
an equilibrating compression in the interior. Hence, "apparent"
shrinkage, the strain actually existing in the specimen, is dif-
ferent from "free" shrinkage, the contraction an element of material
wou]d undergo if it were unrestrained by neighboring elements. This
is true even in a member not restrained by foundations, steel rein-

forcenent, or adjacent portions of the structure. Shrinkage
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measured in experiments is apparent shrinkage. Only in a stress-
free situation (e.g. in a very small specimen after a long period

of drying) is free shrinkage equivalent to apparent shrinkage. The
program documented in this report (SHRINC) calculates free shrinkage
distributions. Other programs such as SASHTEC [3] calculate apparent
shrinkage. Such programs can also calculate stresses in the prism
and identify cracked portions of the cross-section.

1.3 Analysis for Drying Shrinkage

Shrinkage significantly affects concrete structures, and shrink-
age movements and stresses must thus be considered during the design
process. Attempts to analyze these effects began with rough esti-
mates of ultimate shrinkage and progressed to analyses based on the
thermodynamics of moisture diffusion [1]. The method underlying
program SHRINC logically extends these earlier methods. Because of
the nature of concrete as a design material, extreme accuracy will
not be attempted. Rather, a practical, roughly accurate analytical
description of overall behavior will be sought. This description
will hopefully be suitable for shrinkage prediction in practical de-
sign situations.

The basic features of the analytical method in program SHRINC
can be summarized as follows:

1. The diffusion equation is used to model the moisture flow
phenomenon in two-dimensional cross-sections. The free shrinkage
strain is assumed to be directly proportional to moisture loss.
Although this model has its roots in the theory of moisture diffu-

sion, it cannot be derived directly from the actual physics of the
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situation, but is an empirical model that simply describes observed
shrinkage behavior. It has been shown [2] that a more refined model
is not necessary for predicting approximate shrinkage movements and
stresses in actual concrete members and structures.

2. Concrete shrinkage properties can be described by three material
parameters: shrinkage diffusivity, surface factor, and ultimate shrink-
age strain. Although in certain cases good results have been obtained
using constant or time-dependent diffusivity and surface factor, ex-
perimental observations show that it is best to use moisture-depen-
dent concrete diffusivity and surface factor [2] in modeling the ef-
fect that member size has on shrinkage development. The third materi-
al parameter, ultimate shrinkage strain, is assumed to be roughly
constant for each concrete mix and to be unaffected by member size.
However, ultimate shrinkage may vary with the relative humidity of

the ambient drying environment.

3. The diffusion equation is solved by a finite element method.

A generalized and versatile method of this type is necessary since

the problem is highly nonlinear due to the moisture dependence of
diffusivity and surface factor. A step-by-step time integration
scheme is used to account for the transient nature (variation of
shrinkage with time) of the diffusion equation. One of the principal
advantages of the finite element method is that it permits the anal-
ysis of cross-sections of any shape and with any combination of

boundary conditions, differing in this respect from other earlier methods [5].



4. The solution consists of a discretized description of free
shrinkage development at all points within the cross-section. These
free shrinkages are output on punched cards so that they may be used
as input for a program which analyzes structural behavior due to
shrinkage. The program SASHTEC [3] has been developed to accept
this free shrinkage input.

Reference [2] contains a discussion of the historical and
theoretical background of the above method. This reference also
contains a description of experimental results which verify the

method by comparison with SHRINC/SASHTEC computer analyses.



2. SHRINKAGE DIFFUSION BOUNDARY VALUE PROBLEM

2.1 Diffusion Equation

In this section, the diffusion equation, which is an initial-
boundary value problem, is defined as it is used in shrinkage anal-
ysis. Solution techniques are described in Section 3.

The first condition of this boundary value problem is that

the partial differential equation

K BZS(x,g,t) + BZS(x,g,t) - BS(xéi,t) _ Qs(x,y,t) (2.1)
ax ay

be satisfied at all points (x,y) within the two-dimensional concrete
cross-section and at all drying times t. The unknown variable
S(x,y,t) is shrinkage strain*, the specified quantity Qs(x,y,t) is
external shrinkage flow into the section, and K is a material para-
meter. Note that a shrinkage field is the principal variable rather
than a moisture-content field, even though the theoretical background
of the equations stems from the moisture flow phenomenon. The second
condition of the problem formulation is that a boundary condition
must be specified at each point on the cross-section surface. Bound-
ary conditions are discussed in Section 2.2. The third condition

is that shrinkage is zero at the start of the drying process, i.e.,

S(x,y,t) = 0, when t = 0 (2.2)

*
“Shrinkage" or "shrinkage strain" will refer to free shrinkage
unless otherwise noted.



The solution of the initial-boundary value problem is the shrinkage

history S(x,y,t) that satisifies all three conditions: the field equa-

tions (2.1), the boundary conditions, and the initial conditions (2.2).
The shrinkage diffusion equation 3.1 is essentially a balunce

principle. It states that at every point i within a concrete cross-

section
Rate at which shrink- Rate at which Rate at which |
age flows into point = shrinkage in- - external shrink- | .
i from the surround- creases at age enters point
ing material point i i ,

2.2 Boundary Conditions

Four types of boundary conditions are possible:

a. SBC = fixed on boundary
b. QBC = fixed on boundary
S L f s .
. ST %% (S_ - S) on boundary (2.3)
BC
d. QBC =f (S - S) on boundary

where f and S_ are material paraméters (see Sec. 2.3).

The boundary conditions are an integral part of the problem
formulation and describe the drying behavior of the concrete surface.
Only one boundary condition may be specified at each point on the
boundary, but different portions of the boundary may have different
types of boundary conditions: 3

a. The amount of shrinkage is fixed at the boundary (Eq. 2.3a).

b. The shrinkage flow across the boundary is fixed (Eq. 2.3b).

For a moisture-insulated surface the boundary condition

QBC = 0 is used.



C. The boundary shrinkage gradient diminishes as the shrinkage
of the surface approaches its final value (Eq. 2.3c). This
seems to model best the actual drying behavior of concrete,
as discussed in Section 5.4.

d. The shrinkage flow at the boundary diminishes as shrinkage
at the surface approaches its final value (Eq. 2.3d). Note
that boundary conditions 2.3c and 2.3d are equivalent only
in a steady-state shrinkage distribution -- i.e., when the
term 3S/3t is zero in Eq. 2.1. For a moisture-insulated
surface 35/3n = 0 may be used.

2.3 Material Properties

The parameters K, f, and S_ in the diffusion equation and
boundary conditions represent the three material properties discussed
earlier (Sec. 1.3). They are empirical quantities which are not de-
rivable from principles of physics; they must be determined from ex-
periments on particular materials. The three parameters are:

1. Shrinkage diffusivity K, in units of inz/day, models the ease

with which moisture flows through concrete. Shrinkage diffusivity
can be defined as the speed at which shrinkage flows through the
material when a unit shrinkage gradient exists. Diffusivity can be
constant, time-dependent, or shrinkage-dependent. A shrinkage-de-
pendent model (see Sec. 5.3) seems best to describe an experimentally
observed decline in diffusivity as drying proceeds.

2. Surface factor f, in units of inches/day/linear inch, represents

the speed of surface evaporation by its control over the shrinkage
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gradient or shrinkage flow at drying surfaces (boundary conditions
2.3c-d). Hence, strictly speaking, f can be a surface property as
well as a material property. This material parameter can have its ocwn
functional form and be independent of the other material parameters.
Surface factor can also be time- or shrinkage-dependent.

3. Uitimate shrinkage strain, Sm, in units of inches/inch, defines

the amount of shrinkage an element of concrete can undergo if it is
allowed to dry completely and if there is no constraint on its move-

ment by adjacent elements.



3. SOLUTION BY FINITE ELEMENTS AND TIME STEP INTEGRATION

3.1 Discretization by Finite Element Method

The initial-boundary value problem describing shrinkage behavior
has no closed-form solution; approximate numerical methods must be
used in order to obtain a solution. In program SHRINC, a finite
element method discretizes spatial variables and a step-by-step
integration technique discretizes the time variable.

The finite element method uses a variational calculus formulation
for the boundary value problem. That is, the equations describing
the shrinkage process (Eqs. 2.1-2.3) are recast into an equivalent
energy functional and the shrinkage field S(x,y,t) that minimizes
this functional is sought. The finite element approach represents
the continuous shrinkage %ie]d S(x,y) within a cross-section by a
finite number of nodal shrinkage values. The summation of the shrink-

age field due to each nodal shrinkage S, approximates S(x,y). That

is:
.n
S(x,y) = 1 S;0:(x.y) (3.1)
i=1
where
Si - shrinkage at node i
n - total number of nodes

¢i(x,y) - shrinkage field caused by unit shrinkage at node

i and zero shrinkage at all other nodes
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A typical ¢i(x,y) is shown in Fig. 3.1. Note that the cross-
section in this figure is broken down into 8 nodes and 6 elements.
The way in which the cross-section is divided into elements deter-
mines the shape of each ¢i(x,y). The function ¢i(x,y) shown, along
with its 7 companions, makes it possible to define an approximate

shrinkage distribution with 8 discrete values of Si'

Sj=unity

node i

concrete cross-section

FIGURE 3.1 DISCRETIZATION OF SHRINKAGE FIELD BY FINITE ELEMENTS

By substituting Eq. 3.1 into the energy functional, the prob-
lem can be solved by finding the minimizing set of nodal shrinkages,
Si» instead of the minimizing function, S(x,y). This minimum is
found by differentiating the functional with respect to each Si’

resulting in the set of equations:
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[KI{S} = [VI{S} - {Q} (3.2)

where

[K] - shrinkage diffusivity matrix

[V] - shrinkage velocity matrix

{Q} - external shrinkage flow loading vector
{S} - nodal shrinkages

{S} - nodal shrinkage velocities

In actual applications of the finite element method, the
matrices [K], [V], and {Q} are assembled directly by calculating
each element's contribution to the system matrices. That is, for
a specified type of ¢i(x,y), a specified element size and shape,
and specified material properties, an element's contribution to the
diffusivity matrix [K] can be explicitly defined. For example, a

triangular element with linear ¢i(x,y) has an element diffusivity,

[K]el’ given by

2 2
e +d Y8 - xkd ~yje + xjd
(K], = &= y2ex? oy - xx | (3.3)
el 2X k k J 'k Jk )
. 2 2
| (symmetric) ij + X5

where K is the shrinkage diffusivity of the material of the element
and Xy s Xj’ Yo yj, e, d, and X are defined in Fig. 3.2.
Program SHRINC uses quadrilateral elements constructed from

four of the above triangles by adding a fifth node. The coordinates
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of this node are specified as the average of the original four nodes,

placing this fifth node at the centroid of the quadrilateral element
as in Fig. 3.3. The diffusivities from the four linear triangles

(Eq. 3.3) are assembled into an element matrix [K]e} (or in expanded

notation, (Ke]) , i=1, 5, j=1, 5). This 5 x 5 element diffusivity

i,
matrix is reduced to a 4 x 4 matrix by static condensation, i.e.,

(K). o= (Ko), , - —eli,5 el’s.] (3.4)
el’i,] el’1,] (Ke1)5,5
A =X Y- XY
d=Xk"Xj
- -l €=y Yk
3
A"
N U
Y Y]
_¥ A
x | Xj "

FIGURE 3.2 LINEAR TRIANGULAR ELEMENT
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X)Xt XgtX Yt Yo* Y3Y,

X
(8]
i
H
01_<
"
H

3and 4

a) QUADRILATERAL b) TRIANGLE
(DEGENERATE QUADRILATERAL)

FIGURE 3.3 QUADRILATERAL ASSEMBLY OF LINEAR TRIANGLES

where i,j=1,4. These element diffusivity matrices are then assembled

into the diffusivity matrix for the system:

K] = ¥(Kyy) ' (3.5)

The velocity matrix [V] is also calculated directly. A matrix
consistent with the ¢i(x,y) used to derive the diffusivity matrix
[K] could be used, but it is simpler to idealize the velocity matrix
in a way analogous to the lumping of mass in dynamic analyses. This

approach has the important advantage of resulting in a diagonal

-14-



velocity matrix. This lumping is achieved by delineating the area
adjacent to a node by a perimeter drawn through the midpoints of
element boundaries and the internal nodes previously associated with
the diffusivity matrix (see Fig. 3.4). The area tributary to a node
is found by adding the contribution of each element bounding the node.
The contribution of an element, m, to a particular node, 1, (see Fig.
3.4) 1is given as

A. + A

m,i 2

v k

where

A., A, - areas of triangles in element adjacent to node 1,

J k
so that the velocity matrix term of node i is

where
m' - all elements adjacent to node i
The diagonal system matrix [V] is assembled by repeating the above

calculation for each node.

-15-



ELEMENT m

TRIANGLE

TRIANGLE

FIGURE 3.4 LUMPED VELOCITY MATRIX IDEALIZATION

The third matrix in the finite element equations 3.2, the load
vector {Q}, represents the external shrinkage flow into each node of
the system. This term, of course, will be zero at all interior nodes.
However, surface nodes can have a nonzero flow term due to boundary
conditions.

The unknown nodal shrinkage vector, {S}, in the matrix equa-
tions (Eq. 3.2) is a function of time, {S(t)}. Hence, this equation
is actually a first order differential equation (in n dimensions)
and must be further discretized by step-by-step integration. The

nodal shrinkage history {S(t)} is represented by a finite sequence
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of shrinkage distributions {S(t )}, {S(t])}, {S(tz)}, ... By assum-

0
ing that velocity is constant during a time step, the shrinkage
velocity {é} at any time ti can be approximated in terms of nodal

shrinkages:

{$(t )1 = s(ty) - s(ty_q))/aty) (3.6)
where At is the time step between time ti-] and ti' The differen-
tial equation (3.2) is now reduced to a set of algebraic equations

in the independent variable {S(ti)}. There will be a set of equations
for each time tj, i=1,2,..., and the step-by-step solution of each

set results in an approximation to {S(t)} and, using Equation 3.1,

an approximation to the overall shrinkage history S(x,y,t). The
accuracy of this finite element step-by-step integration approximation
increases with the number of elements and with the smallness of the
time step.

3.2 Solution of Matrix Equations

Shrinkage history within a cross-section is found by solving
the matrix equations (Eq. 3.2) resulting from finite element discre-
tization of the problem. To facilitate discussion of the solution
procedure and the incorporation of boundary conditions into the

equations, let Eq. 3.2 be expanded into the following form:

]

Tkaa Kip | 1S V.. o | \S Q+S_f [f]S

Kba Kbb_J Sf 0 v

r
=2
o
L

o

p o]
—h

[}
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where

Sf - nodal shrinkage of nodes which have fixed shrinkage
boundary conditions (Eq. 2.3a)

S - nodal shrinkage at all other nodes

Qf - external flow loading at all nodes with fixed
shrinkage boundary conditions

Q - external flow loading at all nodes with shrinkage
unfixed

S_.f - surface factor x ultimate free shrinkage at all
nodes where a shrinkage-dependent flow boundary
condition is specified

surface factor x nodal shrinkage at all nodes when
a shrinkage-dependent flow boundary condition is
specified

[fls

Note that the additional terms S.f and [f]S in the loading vector

are due to the shrinkage-dependent boundary condition (2.3d)
QBC = f(Sm~S)

Fixed shrinkage boundary conditions (Eq. 2.3a) are specified by the
vector Sf, and fixed shrinkage flow boundary conditions (Eq. 2.3b)
are specified as part of the vector Q. Note that the vector Q is
zero at all nodes except where a fixed shrinkage flow boundary condi-
tion is specified. The remaining type of boundary condition, a
specified shrinkage gradient (Eq. 2.3c), presents special problems
and will be discussed in the next section.

The algebraic manipulation of Eq. 3.7 necessary to find the
solution {S(t)} is quite straightforward. The quantities [K] and f

are evaluated using material properties at {S(to)} = {S}o, where
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{S}O is the shrinkage distribution specified as the initial condi-
tions. Then static condensation removes fiXed shrinkage nodes from

the equations, resu]tihg in

[k, + FISY + [V, TS} = {@} + {S_f} - [K, 1{S¢] (3.8)

dd

1}

For the first time step, At] t]-to, velocity is assumed to be

constant; hence

{S}] - {S}O

15}] = mm‘f{—*'—” (7.9)

and the equations valid at the end of the first time step are

{S}t (3.10)

[K

v
Adq ey - ) ]
a b At]]iSJ] {Q + S f - [K JScH + =%

or in compact form

[K1"s}, = (@1 (3.01)

where

*
[K] - effective shrinkage diffusivity matrix

*
{Q} - effective shrinkage loading vector

The nodal shrinkages at tys {S}], are found directly by solving

Eq. 3.11. If material properties K or f change appreciably due to
the shrinkage increase during the time step, the matrices [K]* and
{Q}* can be updated and the equation resolved to find a more accurate

{5}1. Experience has shown that convergence is very rapid.
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When the solution {S}] at the end of the first time step is
known, the equations necessary to determine the shrinkage at the end
of the second time step,'{S}Z, can be formed. The equations valid
at the end of any time step, i, follow the same pattern as those for

the first time step, i.e.,

V., ) [V.a]
[k, * F+ EE;J{S}i = {Q + S f - [K, J{Se} + Bt {s1; ¢ (3.12)

or, more compactly,

[KI (S}, = (Q}; (3.13)

The quantities Kaa’ f, and Kab must be reevaluated for each time
step if they are time- or shrinkage-dependent. The step-by-step
assembly and solution of Eq. 3.13 gradually traces out the shrinkage
history.

3.3 Shrinkage Gradient Boundary Conditions

A boundary condition consisting of the prescribed shrinkage

gradient

(S -9) (3.14)

is somewhat unnatural to a finite element formulation and presents
special numerical difficulties. It could be considered by supplement-
ing the governing equation (Eq. 3.7) with equations that impose con-
straints on the boundary shrinkage gradient at each node, but this

would destroy the symmetry and bandedness of the set of equations and
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drastically increase computational effort. Using another technique,
the specified boundary condition gradient is converted into an

"equivalent" shrinkage flow

0 :K?% - £(S_ - S) (3.15)

and this flow is applied at the appropriate boundary nodes in Eg.
3.7. However, as discussed in Sec. 2.3, this flow éBC is the true
shrinkage flow only under steady-state conditions; hence the shrink-
age solution obtained using'égc as loading will not always satisfy
the specified boundary condition gradients SS/SHBC. Therefore, the
algorithm must examine the error in the gradient, add a proportional
correction to 68C for each node, and resolve for an improved shrink-
age distribution. This iterative procedure is repeated until the
shrinkage gradient along the boundary satisfies the specified bound-
ary condition. On the last iteration, the corrected equivaient flow
aBC will represent the actual shrinkage flow through the boundary
node. The above iterative process requires that the portion of the
cross-section surface subject to gradient boundary conditions must

be discretized into surface segments. Each pair of boundary nodes

is connected with a surface segment as shown in Fig. 3.5. The bound-.
ary flow across this segment, specified as inches/day/linear inch of

surface, is calculated and lumped at these two adjacent nodes.
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FIGURE 3.5 TYPICAL SURFACE SEGMENT

That is, if
QSeg = Lseg - (s, - Savg) (3.16)
where
QSeg - total flow across surface segment
LSeg - length of surface segment
f - surface factor of material in element M adjoining
surface segment
S, - ultimate shrinkage of material in element M adjoin-
ing surface segment
Savg - average shrinkage strain in surface segment

then the concentrated flow into each boundary node I ang J is Qseg/z.
Since this flow is shrinkage-dependent, it affects both the diffusivi-
ty matrix [K] and the loading vector {Q}, as seen in Eq. 3.10. The
contribution of a surface segment to these system matrices is shown

in Fig. 3.6.
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The computed shrinkage gradient and specified boundary condition
gradient in each surface segment are compared during each iteration.
Shrinkage gradient is calculated along the normal line to the centroid
of the finite element adjacent to the surface segment as shown in
Fig. 3.7. The shrinkage-dependent boundary condition 3.14 is evalua-

ted using the shrinkage value of this same point.
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4. STRUCTURE OF COMPUTER PROGRAM SHRINC

4.1 Input Phase

The numerical techniques developed in Chapter 3 are implemented

by the computer program SHRINC. The program 1s written in Fortran
IV and was developed on the CDC 6400 computer at the University of
California, Berkeley. The program is as general as possible, having
options for defining both time-dependent and shrinkage-dependent
material properties and for specifying all four types of boundary
cohditions (Eq. 2.3). Fully annotated Input Instructions are pro-
vided in Appendix A.

A flow chart for the program as a whole is shown in Fig. 4.17.
The first parts of the program input the data defining the problem.
The data is divided into blocks, each block headed by an alphanumeric
control card with a key word (to assist the user in assembling the
data deck) and necessary control parameters (to guide the program
in inputting the remaining data in the block) as shown in Fig. A.1l
in Appendix A.

The first item of input is the problem heading to be used in
labelling output. The next item is a geometric description of the
cross-section to be analyzed, i.e., the locations of nodal points
and elements. A Tist of all surface nodes at which fixed shrinkage
boundary conditions are specified is also input during this phase.
The program has a mesh generating option (see Appendix A for details)
to aid the user in the input of large meshes. Tﬁe only elements

currently included in SHRINC are four-node quadrilaterals and 4-node
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START

FIGURE 4.1

INPUT PROBLEM HEADING

'

INPUT NODAL DATA
(NODE)

;

INPUT ELEMENT DATA
(ELEMENT)

'

' INPUT SHRINKAGE MATERIAL PROPERTIES

(MATRIAL)

:

ARE THERE SHRINKAGE-DEPENDENT NO
BOUNDARY CONDITIONS IN THIS PROBLEM?

]
INPUT DRYING BOUNDARY CONDITION DATA
(DRYBC) ‘

r

INPUT CONVERGENCE CRITERIA
( CONVERG)

SOLVE PROBLEM
(SHRKFLO)

IS THERE ANOTHER DATA CASE ) NO
IN THE INPUT DECK?

END

YES
YES
FLOW CHART FOR PROGRAM SHRINC

(TITLES IN PARENTHESES ARE NAMES OF PROGRAM SUBROUTINES)

-27-



triangles (i.e., quadrilaterals in which two nodes have the same
location). However, isoparametric or other higher order finite
elements could be used in the program if appropriate subroutines
were added. During input of the mesh, not only are data read from
cards and stored in various arrays for use during the solution
phase, but quantities which will recur very often during solution
are calculated and stored, e.g., the constant terms of the element
diffusivity matrices, SS1-SS9.

The next block of input contains material properties - i.e.,
the shrinkage diffusivity K, surface factor f, and ultimate shrink-
age strain S_ of each material in the cross-section. NMAT material
types may be input, making it possible to analyze nonhomogeneous
sections (e.g. reinforced concrete). These material properties can
be time-dependent functions (MATMOD = 1) or shrinkage-dependent
functions (MATMOD = 2), and are input as a table of ordered pairs
(time-value or shrinkage-value). It is also possible to specify
Pickett's formula for shrinkage material properties (Eq. 5.1) by
means of an option discussed in Appendix A.

Shrinkage-dependent drying boundary conditions are next input -

both flow type

QBC = f(Sco - S)
and gradient type

3S f

A= T (Sm -5)

anBC K
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These boundary conditions are specified by defining NDRYBC surface
segments connecting the nodes along those portions of the cross-
sectional surface that are exposed to this type of boundary condition.
Each surface segment is assigned either a flow (KODERC = 0) or a
gradient type (KODEBC = 1) boundary condition. Note that every
surface node must have a boundary condition specified at some point
in the input data. Three types are possibie:

1. Drying boundary condition, input as described above.

2. Fixed shrinkage boundary condition, input during step-by-
step solution phase. The node numbers at which this type
of boundary condition exists must be specified along with
the nodal point data, as discussed earlier.

3. Fixed flow boundary condition, input during step-by-step
solution phase.

Refer to Section 5.4 for a discussion of selecting the types of
boundary conditions most useful in practical situations.

The nonlinearities introduced by shrinkage-dependent diffusivity
and surface factor or by shrinkage gradient boundary conditions re-
quire the input of convergence criteria. Three varijables control
the iterative solution: the maximum number of permissible iterations
(NCONV), the maximum permissible relative error (CONV), and a flag
that determines which of the two types of nonlinearities is to be
considered within any time step (NREFORM). These control variabies
are precisely defined in Appendix A.

At this point the program switches to the main step-by-step

solution subroutine DHRKFLO, as indicated in Fig. 4.1. However,
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before proceeding to the actual solution phase, the initial condi-
tions are input. These usually are specified as {S}O = {0} at time
zero, but other initial conditions can be specified. For example,
when restarting an analysis that must be continued for a longer
period of drying, the shrinkage distribution and drying time at
which the previous analysis left off can be specified as the initial
conditions of the new analysis.

During the input phase all global variables are assigned
storage through use of a dynamic dimensioning scheme. That is, the
blank common block of storage is partitioned to make room for each
array using the key variables NUMNP (number of nodal points), NUMEL
(number of elements), NMAT (number of material types), NSTORE (space
needed for material data), NDRYBC (number of boundary segments),
and NBAND (half-bandwidth of global diffusivity matrix). The
space allocation scheme is shown in Fig. 4.2. Dynamic dimensioning
permits optimal use of high speed storage; even very large problems
can be solved without recourse to out-of-core storage files.

4.2 Step-by-Step Solution Phase

Wnhen the input of the data defining the problem is completed,
che program begins step-by-step time integration. This phase
consists of assembling and solving Eqs. 3.13 at the end of each
time step. The overall solution process is controlled by subroutine
SHRKFLO, which is illustrated in Fig. 4.3 in the form of a flow
chart.

The first step of the procedure for each time step is to input

a control card for that particular step. This control card specifies
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(PUOUT)
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i
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/

¥
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!
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FIGURE 4.3

FLOW CHART FOR SUBROUTINE SHRKFLO
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SATISFIED. IF NOT MODIFY APPROXIMATE FLOW
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OBC AND CORRECT [K] AND {Q)} . (GRAD)
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the time step number (as a check in sequencing data cards), time
step size, printing and punching options (see Section 4.3), and

the number of nodes at which a nonzero shrinkage or flow boundary
condition is to be specified. The values of these nonzero boundary
conditions immediately follow on data cards. Note that this input
formatting permits the user to change boundary conditions as the
step-by-step time integration progresses. Also note that only fixed
boundary conditions are input at this point; shrinkage-dependent
drying boundary conditions are input during the earlier input ﬁhase
(Section 4.1).

When all data have been input for the time step, the two
iteration counters are initialized, the counter MAIN (to record the
number of times the diffusivity matrix has been formed or reformed)
and the counter NCON (to record the total number of solution itera-
tions). The array T is also initialized to contain {Si}’ the
shrinkage distribution existing in the cross-section at the begin-
ning of the time step.

At this point the program begins to assemble the equations
that govern shrinkage dynamic equilibrium at the end of the time step.
The diffusivity matrix [K] is formed in subroutine SHRKDIF, as shown
in Fig. 4.4. Each 4-node quadrilateral element is divided into four
triangles by means of an additional fifth node at its center. A
3 x 3 element diffusivity matrix is calculated for each triangle
(Eq. 3.3) and assembled onto the 5 x 5 five;node element diffusivity

matrix. This 5 x 5 matrix is reduced to a 4 x 4 quadrilateral
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' ENTER

INITIALIZE GLOBAL DIFFUSIVITY
ARRAY A TO 0.0

[ ]

LOOP FOR EACH 4-NODE ELEMENT IN SECTION *j>

[ ]

INITIALIZE ELEMENT DIFFUSIVITY ARRAY S TO 0.0

¥

FIND VALUE OF DIFFUSIVITY FUNCTION
K(S) OR K(t) BASED ON CURRENT
SHRINKAGE OR TIME IN THE ELEMENT

[

———i(:EOOP FOR THE 4 TRIANGLES COMPOSING 4-NODE ELEMEN%:)

¥

FORM 3 x 3 DIFFUSIVITY MATRIX OF THE
TRIANGULAR ELEMENT

¥

5 x 5 ELEMENT DIFFUSIVITY MATRIX AND STORE IN S

ASSEMBLE 3 x 3 DIFFUSIVITY ONTO THE

¥

—C

END OF LOOP FOR TRIANGULAR ELEMENTS Aﬁi>

¥

ELEMENT DIFFUSIVITY MATRIX AND STORE IN ARRAY S

CONDENSE 5 x 5 DIFFUSIVITY INTO 4 x 4

¥

ASSEMBLE 4 x 4 ELEMENT DIFFUSIVITY S
ONTO GLOBAL DIFFUSIVITY MATRIX A

¥

—C

END OF LOOP FOR 4-NODE ELEMENTS j)

RETURN

FIGURE 4.4 FLOW CHART FOR SUBROUTINE SHRKDIF
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element diffusivity, [K]e1’ by removing the center node by static
condensation. A1l element diffusivities are combined to form an
overall section diffusivity matrix, [K], which is stored in banded
form in the dynamically dimensioned array A (Fig. 4.2). Note that
since the material property K (shrinkage diffusivity) can be time-
or shrinkage-dependent, the matrix [K] can also reflect these de-
pendencies. If the matrix is time-dependent, the time at the end
of the time step is used when forming it. If the matrix is shrink-
age-dependent, the average shrinkage strain existing in each element
at the beginning of the time step (array T) is used for the initial
formation. Any subsequent reformations of [K] during the iterative
solution will use the shrinkage that exists at the start of the
current cycle of iteration.

The next quantity to be formed is the Joad vector Q (in Eq.
3.7), which contains the fixed flow boundary conditions input at
the beginning of the time step. Fixed shrinkage boundary conditions
are then input to form the vector Sf in Eq. 3.7, and static conden-
sation is performed to remove these fixed shrinkage nodes from the
system of equations (Eg. 3.8). The above operations are performed
in subroutine BCLOAD, and the condensed load vector, {Q}—[Kab] {Sf},
is stored in array B.

The program now assembles the two quantities necessary to

convert the static diffusivity and load derived above into the ef-

fective diffusivity and load needed in the final governing\equations

3.11. Firstly, the velocity matrix Vaa is formed in subroutine
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SHRKVEL and, since it is a diagonal matrix, temporarily stored in
array Q. From this quantity the velocity contribution to the ef-
fective diffusivity matrix (Vaa/Ati in Eq. 3.72) is calculated, and
the resulting effective diffusivity [K]* is stored in array A. Also,
based on the velocity matrix and the shrinkage solution of the pre-
vious time step {Si—1} (which is stored in array T at the time of
the first iteration), the dynamic contribution to the effective

load vector {Q}* is calculated. This term ([Vaa]{si-1}/Ati in Eq.
3.12) is stored in array T2 so that it does not have to be recalcu-
lated during subsequent iterations.

Secondly, the effects of shrinkage-dependent drying boundary
conditions are added to the effective diffusivity and load, i.e.,
the terms f (for effective diffusivity) and S.f (for effective Toad)
in Eq. 3.12. The time- or shrinkage-dependent material properties
that go into forming these quantities are evaluated as described
earlier. That is, they are updated for each iteration if NREFORM
is set to "1". Two types of drying boundary conditions exist: flow

and gradient. For the flow case, the program simply calculates Qseg~

Leag (S, -S.. ) along each surface segment (as in Eq. 3.16) and

seg avg
contributes Qseg/z to each boundary node. That is, the nodal term
. * *
Lseg-f-Sm/Z is added to {Q} and the term Lseg:f/z to [K] . The
gradient case is more complex, as discussed in Section 3.3. The
_term QBC’ an approximate boundary flow (Eq. 3.15), must be calculated
and added to the effective diffusivity and load as in the flow case.

However, the term QBC is saved in array T3 for use later in the
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iterative technique needed to satisfy this type of boundary condition.
The above operations are carried out in subroutine DRYLOAD, as shown
in Fig. 4.3.

At this point the final equations

(1™ ts;3 = (@ (4.1)

have been formed. The effective 10ad‘{Q}* is stored in array B and
the effective diffusivity [K]* is stored in array A. Before solu-
tion, [K]* is also transferred to the auxiliary storége array AA,
since array A will be modified during triangularization and the
array must be preserved intact for use in future iterations. The
equations are soived by subroutine MSYM, an efficient solution algo-
rithm for symmetric banded matrices, and the solution {S;} replaces
the loading vector in array B.

A convergence check must be made to determine if the program
is to proceed with another iteration. First the difference between
the current iterate {S;} (in array B) and the previous ijterate {Si}
(in array T) is examined to determine if it is less than the error
tolerance CONV. If it is less, iteration ceases and output subrou-
tines (see Section 4.3) are called, after which the program proceeds
with the next time step. If the difference between {S;} and {Si} is
greater than the tolerance, a check is made to determine if the per-
missible number of iterations NCONV has been exceeded. If it has,
the analysis is halted and a divergenée diagnostic message is printed.

If NCONV has not been exceeded, {Si} is moved into array T and the
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program goes to the next iteration. Whether shrinkage-dependent
quantities are updated during the next iteration is determined by
the control variable NREFORM. If NREFORM has been specified as "1V,
the program returns to reassemble [K]* and the shrinkage-dependent
portions of {Q}*, based on the latest iterate {S;}; if NREFORM is
"0", the program returns only to modify the gradient boundary condi-
tions. This scheme is shown in the flow chart, Fig. 4.3.

The gradient boundary condition iterative cycle basically con-
sists of modifying the term 6BC (approximate boundary flow - Eq. 3.15)
during each iteration until it represents the true flow and hence
satisfies the specified gradient boundary condition, as discussed in
Section 3.3. The flow 6BC is corrected by comparing (at each surface
segment) the gradients due to the shrinkage solution {S;} from the
current iteration with the specified boundary condition gradient
BS/anBC. Then the effective diffusivity [K]* and effective load {Q}*
are corrected accordingly and Eq. 4.1 is resolved. This iterative
process is repeated until a solution is obtained that satisfies the
gradient boundary conditions. These operations are performed in
subroutine GRAD, illustrated in Fig. 4.5.

The step-by-step solution process outlined above continues until
a time step control card with a negative step size is encountered.
The solution is then considered complete and the program begins con-

sideration of the next data case in the input deck.
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ENTER

——

LOOP OVER ALL DRYING SURFACE SEGMENTS

)

NO

;

IS THERE A SHRINKAGE GRADIENT B.C.
SPECIFIED IN THIS SURFACE SEGMENT?

>YES

v

FIND MATERIAL PROPERTIES K, f, AND S_ BASED
ON AVERAGE SHRINKAGE OR TIME IN SURFACE SEGMENT

FIND SHRINKAGE SLOPE AT SURFACE SEGMENT
DUE TO SHRINKAGE SOLUTION {Si|}

:

CALCULATE SHRINKAGE GRADIENT
SPECIFIED AS A BOUNDARY CONDITION

l

COMPARE SLOPE WITH SPECIFIED B.C. GRADIENT
AND CALCULATE CORRECTION FLOW

t

ADD CORRECTION FLOW TO EFFECTIVE LOAD {Q}*
AND STORE IN ARRAY B

'

ADD CORRECTION FLOW TERM TO EFFECTIVE
*
DIFFUSIVITY [K] AND STORE IN ARRAY A

t

_____.C END OF LOOP

RETURN

FIGURE 4.5 FLOW CHART FOR SUBROUTINE GRAD
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4.3 Qutput Phase

Two kinds of output can be specified, printed output and punched
cards: |
1. A printing subroutine (PROUT) is called when convergence is
achieved at the end of each time step (see Fig. 4.3). The time step
control card may specify whether the nodal shrinkage strains, average
element shrinkage strains, or both are printed. Also printed are
the fixed shrinkage or flow boundary conditions specified for that
time step and the number of iterations needed to effect convergence.
See Appendix B for an example of printed output.

AT1 input data, including generated meshes are also printed.
A more detailed output during any particular time step may be speci-
fied, i.e., the shrinkage {Si} at various stages of the iterative
solution process. This option is useful should the user encounter
convergence difficulties in any particular problem set-up.
2. A punching subroutine (PUOUT) is called along with the printing
subroutine at the end of each time step (Fig. 4.3), and either nodal
or element shrinkages may be punched. This type of output is often
needed as input for other computer programs which analyze structural
behavior due to shrinkage. For example, the free shrinkages punched
by program SHRINC serve as Toading for the program SASHTEC [3] which
calculates the shrinkage stresses and apparent strains resulting
from this drying history. During the input phase the program also
punches any generated meshes (both node cards and element cards),
so that the mesh is available for use in programs without generating
options.
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5.  COMMENTARY ON USE OF PROGRAM SHRINC

5.1 Design of Finite Element Mesh

One of the first steps in solving a shrinkage problem using
program SHRINC 1is to design a finite element mesh. The efficiency
and accuracy of the analysis strongly depends on the skill with which
the mesh is laid out. Several considerations should be kept in mind:

1. A mesh with as few elements as possible should be used since
computational effort increases roughly with the cube of the number of
nodes. Symmetry should be taken advantage of wherever possible - i.e.,
a-quadrant should be analyzed when the problem lends itself to such
simplification. Experience has shown [2] that 100-element meshes
are usually sufficient for a regularly-shaped section.

2. Small elements should be used where shrinkage gradients
are steep and larger elements where shrinkage is more nearly constant.
Gradients tend to be very steep at the surface and meshes should be
graduated in a manner similar to that shown in Fig. 5.1.

3. Nodes should be numbered in such a way as to minimize
bandwidth of the reulting matrix equations, thereby decreasing the
computational effort needed to solve the equations.

5.2 Selection of Time Step Sizes

The analyst is free to discretize drying time in the way most
suitable for the particular problem being solved. As a general rule,
both accuracy and computational effort increase with smaller time
steps. The following points should serve as an aid to intuition and

experience in choosing a system of time steps:
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1. During early drying times, small time steps are needed since the
shrinkage distribution within the section changes very fast. Transient
behavior during this early period is not adequately represented by
using large time steps. At more advanced drying times when steady-
state conditions begin to prevail, it is possible to use very large
time steps (up to 100 days) with good results.

2. The first time step must be very small (about 1 day), since
during this time step shrinkage or shrinkage gradient boundary condi-
tions are imposed upon the system. This boundary condition loading
causes {s}],the solution at the end of the first time step, to be
very different from {S}O, the initial conditions. Convergence dif-
ficulties arise if too large an initial time step is used.

3. Small cross-sections tend to need smaller time steps than large
cross-sections, since shrinkage develops much more quickly.

5.3 Specification of Material Properties

Material properties are a characteristic of the concrete being
analyzed and should be determined experimentally. However, such ex-
plicit information is often not available to the analyst, and the
following guidelines are offered for such cases:

1. Shrinkage diffusivity, K, tends to decrease as drying pro-

ceeds. Parametric studies [2] have shown that if this decrease is
modeled as a function of shrinkage strain, better results are obtained
than if it is modeled as a function of drying time, especially for
large-sized sections. The exact functional form of K(S) seems to

vary somewhat from concrete to concrete; however, a useful approximation
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to K(S) that has given solutions that correspond well with a wide
range of experimental data is shown in Fig. 5.2. Note that the
diffusivity curve is very strongly dependent on S_, the ultimate
shrinkage strain of the concrete. Hence two material functions are
shown in Fig. 5.2 - one for a concrete of relatively low shrinkage
potential (500 microinches/inch) and one for a concrete of relatively
high shrinkage potential (1000 microinches/inch). Approximations of
K(S) for other concretes can be found by interpolation.

For small cross-sections (less than 10 in. x 10 in.), quite
accurate analyses have been performed using a time-dependent diffusi-
vity suggested by Pickett [4]:

2

. 2
'é‘;‘f m /day. (5])

K(T) = O.]O~/

This K{t) may be specified in program SHRINC by a special input
option (see Appendix A).

2. Surface factor, f, tends to have a functional form very

similar to diffusivity. Hence, in the absence of more specific in-

formation on the form f takes, the approximation (in English units)

-
—~
W
—
H

1.67 K(S)

or

-t
——
o+
~—
f

1.67 K(t)

has given consistently adequate results. For a more extensive discus-

sion of this function see Reference [2].
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3. Ultimate shrinkage strain, S_» tends to vary greatly from

concrete mix to concrete mix. In a 50% relative humidity drying
environment, S_ can range from about 300 to over 1000 microinches/
inch. This is the most sensitive material parameter and its value
should be based on some sort of experimental evidence. Thirty- or
sixty-day shrinkage tests with a very small diameter specimen of the
concrete in question would suffice to obtain an approximate S

5.4 Specification of Boundary Conditions

Program SHRINC accepts any of the four types of boundary condi-
tions discussed in Section 2 (Eq. 2.3a-d). However, the type that
has proved most usable in actual analyses is the shrinkage-dependent
gradient boundary condition (Eq. 2.3c), since this seems best to
model surface evaporation. It is also possible to specify S = S, at
all drying surfaces (Eq. 2.3a), but this only roughly models shrinkage
behavior at early drying times. Flow boundary conditions are physical-
ly realistic but computationally difficult, since shrinkage flow is
not easily measured nor quantitatively specified.

Axes of symmetry can be created by use of the boundary condition

QBC =0 or aS/anBC = (.

5.5 Minimization of Cost of Nonlinear Analysis

The analyst is able to control the cost of his so]utjon by
choosing which nonlinearities are to be considered. Usually it is
not worth the added cost to reform diffusivity and load during itera-
tion within a time step; these quantities change little if a proper

time step system has been selected. Iteration is needed to satisfy
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gradient boundary conditions, but a reasonable convergence criterion
(CONV) should be specified to avoid an excessive number of iterations.
The use of shrinkage-dependent material variables does not in-
crease computational effort (if NREFORM = 0), but the use of shrinkage
gradient boundary conditions usually triples the cost due to the need
for iteration. For a typical analysis the following iteration con-

trol variablies can be used:

NCONY = 20
CONV = 0.001
NREFORM = 0
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II.
ITT1.
Iv.

VI.
VII.
VIII.

APPENDIX A - INPUT INSTRUCTIONS FOR SHRINC

Contents

Heading Card
Nodal Point Data
Element Data
Material Property Data
For each material type:
1. Control Card
2. Shrinkage Diffusivity
3. Surface Factor
4. Ultimate Shrinkage Strain
Drying Boundary Conditions Data
Convergence Criteria
Initial Conditions

Time Step Data
For each time step:

A. Time Step Control Card

B. Nonzero Boundary Conditions Data
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I. HEADING CARD (8A10)

note columns variable entry

(1)

NOTES/
(1)

1

- 80 ITITLE(8) Enter the master heading information for
use in labelling the output

Begin each new data case with a new heading card. To halt
the program, insert two blank cards instead of a heading
card.

IT. NODAL POINT DATA

A.

note

NOTES/
(1)

(2)
(3)

C

ontrol Card (Alphanumeric)

N
fi
NO
N1
N2

ODES, N1, N2

eld variable entry

DES - Enter the word "NODES"
NUMNP Number of nodal points

NSBC Number of nodes with a specified shrinkage
boundary condition

This is an alphanumeric control card containing both a key
word (NODES) to identify the block of input data to follow
and the two main control parameters (N1 and N2) of that block
of data. Alphanumeric control cards are left-justified with
no blanks in the 1ist. Note the examples in Fig. A.1.

Enter the total number of nodal points in the cross-section.
Enter the total number of boundary nodes at which amount
of shrinkage is specified as the boundary condition. Bound-

ary nodes at which shrinkage flow or shrinkage gradient are
specified as the boundary condition are not included.
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note

(1)

NOTES/

(1)

N

co

1

16
26

odal Data Cards (15,2F10.0,I5)
lumns  variable entry
- 5 N Nodal point number
GE. 1 and LE. NUMNP
- 15 X(N) X-coordinate
- 25  Y(N) Y-coordinate

- 30  IRADIAL Mesh generation flag
EQ. 0, generate omitted nodes along
straight line
EQ. 1, generate omitted nodes along
circular curve

Nodal data must be defined for all (NUMNP) nodes. Nodal
data may be input directly (i.e., each node on its own indi-
vidual card) or the generation option may be used. Nodal
point cards must be in ascending numerical sequence. If
cards are omitted, the missing nodes are generated at equal
intervals along a straight line between the bounding nodal
points. Refer to Section 5.1 for more informatjon about
mesh design.

Nodal coordinates are input in inches or centimeters. The
same system of units must be used when defining other input
quantities.

If (IRADIAL) 1is "0" generation of nodal points missing from
the input deck proceeds as discussed in note 1. Setting
(IRADIAL) equal to "1" activates a scheme for generating
circular quadrants. Coordinates originate at the center

of the cross-section and input nodes lie along the positive
X and Y axes, as shown in Fig. A.2. Omitted nodes are
generated at equal distances along the arc connecting the
bounding nodes.
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C. Fixed Shrinkage Boundary Condition Data (1615)

note columns variable entry
(1) 1- 5 ID(1) Nodal number of first fixed shrink-
age boundary condition node
6 - 10 ID(2) Nodal number of second fixed shrink-
age boundary condition node
ID(NZ) Continue until N2 nodes are input
& v axis ,
Nodes Nand M are oninput cards.
Nodes N+I ,N+2,.... are generated.
nput | nodal point M (X(M).Y(M)) Node N must be input before node M.
CD- e De - 900

M-N
Input Y(M) must equal input X(N)

Generated nodal point N+
(X(N+1), Y(N+D))

(x(N),Y(N))
» X axis

Input nodal point N

FIGURE A.2 GENERATION OF CIRCULAR NODAL MESH

NOTES/

(1) Enter the node number of each boundary node at which shrink-
age is fixed as the boundary condition. Input 16 shrinkage
nodes per card and use as many cards as necessary to contain
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all (N2) nodes. If only flow or gradient boundary condi-
tions are to be specified in a data case, set (N2) equal
to "0" and omit this card.

III. ELEMENT DATA
A. Control Card (Alphanumeric)

ELEMENTS, N1

note field variable entry
(1) ELEMENTS -- Enter the word "ELEMENTS"
(2) N1 NUMEL Number of elements

NOTES/

(1) This is an alphanumeric control card with key word (ELEMENTS)
and main control parameter (N1), as in Fig. A.1.

(2) Enter the total number of quadrilateral elements in the
cross-section. Include both concrete and reinforcing steel

elements.

B. Element Data Cards (615)

note columns variable entry
(1) 1- 5 N Element number
(2) 6 - 10 LM(T,N) Nodal point I
(2) 11 - 15 LM(2,N) Nodal point J
(2) 16 - 20 LM(3,N) Nodal point K
(2) 21 - 25 LM(4,N) Nodal point L

(3) 26 - 30 MMTYPE(N) Material type for this element
£Q.0, default value of "1" used



NOTES/
(1)

a)

Elements must be input in ascending element number order.
If element cards are missing, the program generafas the
missing elements by incrementing N and nodal points [, J,
K, and L. A generated element assumes the material type
of the element immediately preceding it. The Jast element
in the mesh cannot be generated.

The program uses quadrilateral elements defined by their
corner nodes (I,J,K,L). Enter the global node number cor-
responding to each of these four corner nodes in counter-
clockwise order, as shown in Fig. A.3. Triangular elements
can be formed by specifying a degenerate quadrilateral,
j.e., letting K and L be defined by the same global nodal
point (see Fig. A.3).

One or more sets of material properties are input in the
next data block, each of them labelled by an identification
number. Enter the identification number of the material
this element is composed of.

Kand L

QUADRILATERAL b) TRIANGLE

FIGURE A.3 FOUR-NODE FINITE ELEMENTS
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IV. MATERIAL PROPERTY DATA

A.

note
(1)
(2)
(3)

NOTES/
(1)

(2)

note

(1)

(1)

Control Card  (Alphanumeric)

MATERIAL, N1, N2

field variable entry
MATERIAL -- Enter the word "MATERIAL"
N1 NMAT Number of material types
N2 MATMOD Material model used
EQ. T, Time-dependent material pro-
perties
EQ. 2, Shrinkage-dependent material
properties.

This is an alphanumeric control card with key word (MATERIAL)
and main control parameters (N1) and (N2), as in Fig. A.1.

Enter the number of different materials that make up the
cross-section. Include each type of steel and each type
of concrete.

This control parameter specifies whether the materials are
to have time-dependent properties or shrinkage-dependent
properties (see Section 5.3 for discussion of material
modeling). The choice of model applies to all (N) material
types.

Material Data

Input the following set of cards for each material type:
1. Control Card (2I5)
columns variable entry
1 -5 MM Number of points used to define
shrinkage diffusivity function.
EQ. 0, constant diffusivity
6 - 10 MMM Number of points used to define sur-

face factor function
EQ. 0, constant surface factor
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NOTES/
(1)

note

NOTES/
(1

Each material type is defined by three (3) material parame-
ters. One of them,ultimate shrinkage strain, is always in-
put as a constant; however, the other two, shrinkage diffusi-
vity and surface factor, may be input either as constani. or
as tabular functions of drying time or shrinkage strain.

At least two points are needed to define each function, and
linear interpolation is used between points.

If (MATMOD) has been set for time-dependent material proper-
ties and it is wished to specify Pickett's equations

2 . 2
K(t) = 0.10 preil /day
f(t) = 1.67 K(t) in/day

Enter "-1" for both MM and MMM.
2. Shrinkage diffusivity (8E10.0)

columns variable entry
1-10 X(1) Time/shrinkage strain of point 1
11 - 20 Y(1) Value of diffusivity function at
point 1
21 - 30 X(2) Time/shrinkage strain of point 2
Y (MM) Continue until all MM points are
input :

Enter the table that defines the shrinkage diffusivity func-
tion. Each point is described by an ordered pair (X,Y),
where X is drying time in days (if MATMOD. EQ. 1) or shrink-
age strain in inches/inch gif MATMOD. EQ. 2) and Y is the
value of diffusivity in in¢/day or cmz/day, as in Fig. A.4.
Input 4 such pairs per card and use as many cards as neces-
sary. The table for the function must be defined over the
entire range of time or shrinkage to be considered in the
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DIFFUSIVITY
(OR SURFACE FACTOR)

note

(1)

solution process - i.e., extrapolation below the lowest
point or beyond the highest point is not permitted. For
information about choosing a suitable diffusivity function,
refer to Section 5.3. If shrinkage diffusivity was speci-
fied constant (MM. EQ. 0) enter the constant value in
columns 1-10 in units of in2/day or cm?/day.

If Pickett's relation is to be used (MM. EQ. -1) enter 1in
columns 1-10 the value 0.10 (English units) or 0.645 (metric

units).

_ [xtmm), y(mMm]
T p—— -

| Stort)

.- —

SHRINKAGE STRAIN (OR DRYING TIME)

FIGURE A.4 - MATERIAL PROPERTY TABLE FORMAT

3. Surface factor (8E10.0)

columns variable entry
1 -10 X(1) Time/shrinkage strain of point |
11 - 20 Y(1) Value of surface factor function at
point 1
Y (MMM) Continue until a]]aMMM points are
input
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NOTES/

(1) Enter the table that defines the surface factor function in
the same way that shrinkage diffusivity was input. Surface
factor is input in units of inches/day or centimeters/day.
For information on selecting an appropriate surface factor,
refer to Section 5.3. If surface factor is constant (MMM.
EQ. 0) enter the constant value in columns 1-10 in units of
in/day or cm/day.

If Pickett's relation is to be used (MMM. EQ. -1) enter in
columns 1-10 the value 1.67 (English units) or 0.66 (metric
units).

4. Ultimate shrinkage strain  (E10.0)

note columns variable entry
(1) 1-10 SINF Ultimate shrinkage strain
NOTES/

(1) This parameter is always considered a constant. Units of
inches/inch (or, equivalently, cm/cm) are used.

V. DRYING BOUNDARY CONDITIONS DATA

A. Control Card (Alphanumeric)

BC, N1
note field variable enfry
(1) BC -- Enter the letters "BC"
(2) N1 NDRYBC Number of surface segments exposed

to a shrinkage-dependent drying
boundary condition



NOTES/
(1)

(2)

This is an alphanumeric control card with key symbol (BC)
and main control parameter (N1), as in Fig. A.1.

A drying boundary condition is one in which the prescribed
surface flow or gradient is of the form

Qg = (S, - S) (A.1)
s _ f
. " < (S, - 9) (A.2)

The total surface exposed to this type of boundary condition

is divided into segments - each segment bounded by two nodal

points along the surface, as in Fig. A.5. If drying boundary
conditions are not used, input this control card but set

(N1) equal to zero.

AMBIENT DRYING
ENVIRONMENT NODE LI(N)

NODE LJ(N)

FIGURE A.5 SURFACE SEGMENT FOR DRYING BOUNDARY CONDITION
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NOTES/
(1)

(2)

‘Surface Segment Data  (4(314, F4.0, 14))

columns variable entry

——————— for surface segment No. 1T - - - - - - -~ =~

1- 4 LI(1) Node number of segment end I

5- 8 Ld(1) Node number of segment end J

9 - 12 LMAT(1) Flement number of element between
I and J

13 - 16 SURFAC(1) Multiplier for material surface
factor

17 - 20 KODEBC(1) Type of drying boundary condition

EQ. 0, flow QBC
Eq. 1, gradient dS/dnBC

——————— for surface segment No. 2 - - - - - - - = =~

21 - 24 LI(2) Node number of segment end I

KODEBC(N1)  Continue until data for all N1
surface segments is input

Enter the global node numbers of the two surface nodes
bounding the segment, as shown in Fig. A.5.

The edge of one of the quadrilateral elements composing
the cross-section mesh lies between nodes I and J. Enter
the number of that element so that the surface factor as-
signed to its material may be used in calculating the
boundary condition between I and J.

The boundary condition due to the material properties
(diffusivity and surface factor) can be modified by a
constant multiplier. For example, setting SURFAC equal to
10 0" models an insulated surface. A positive factor causes
drying (shrinkage flow into the surface). To specify the
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usual drying boundary condition (Eq. A.1 or A.2) set (SURFAC)
equal to "1.0".

(4) Each surface segment may represent either a flow boundary
condition (Eq. A.1) or a shrinkage gradient boundary condi-
tion (Eq. A.2). See Section 5.4 for a discussion of drying
boundary conditions.

(5) Input on each card data for four (4) surface segments. Use

as many cards as needed in order to input all (N1) segments.
If (N1) was specified as zero omit this card.

VI. CONVERGENCE CRITERIA

A. Control Card (Alphanumeric)

CONVERGENCE
note field variable entry
(1) CONVERGENCE -— Enter the word "CONVERGENCE"

NOTES/

(1) This is an alphanumeric control card with key word (CONVER-
GENCE) and no control parameters, as in Fig. A.T1.

B. Convergence Criteria Card (I5, F10.0, I5)

note columns variable entry

(1) 1- 5 NCONV Maximum number of iterations permit-
ted in each time step
EQ. 0, no iteration

(1) 6 - 15 CONV Permissible error
EQ.0, default value of 0.001 used

(2) 16 - 20 NREFORM Matrix reforming flag
£Q.0, update nonlinear diffusivity
and flow matrices at start of
each time step only
EQ.1, update matrices during each
iteration



NOTES/
(1)

During the step-by-step analysis, iteration is necessary to
find a solution whenever the problem is nonlinear - i.e.,
whenever diffusivity and surface factor are shrinkage-de-
pendent or whenever gradient boundary conditions are speci-
fied (See Section 4.2). Iterative cycling will be continued
until

at each node in the cross section, where

(S. - S, ;)
LT o (cony) (A.3)

© avg

Si = shrinkage solution obtained during this iteration
Si—] = shrinkage solution obtained during previous itera-
tion
Se ayq - average (over all material types) ultimate shrink-
Y9 age strain

If convergence according to Eq. A.3 is not obtained after
(NCONV) iterations, the program is halted and an error
diagnostic written.

If the problem being input is linear or if no iteration is
desired, set (NCONV) equal to zero and disregard the re-
mainder of this card.

If diffusivity and surface factor are shrinkage-dependent
variables, their values will change after each iteration.
Hence the effective diffusivity matrix [K]* and effective
load matrix {Q}* must be recalculated after each iteration,
as discussed in Section 4.2. This is quite expensive com-
putationally and quite often it is desired to recalculate
the matrices only at the beginning of each time step and
not during each iteration.

If material properties are constant or time-dependent ig-
nore this variable.



VII. [INITIAL CONDITIONS

A.

note

(1)
(1)

(2)

(3)

NOTES/

(1)

(2)

Time Step Control Card (A4, 16, 2F10.0, A3)

columns variable entry
1-4 IA Enter the word "STEP"
5-10 MDT Initial number in sequencing of time
steps
11 - 20 TIME Initial time (i.e., base time) in
days
21 - 30 SIC Uniform initial shrinkage. (If

initial shrinkage is nonuniform,
insert any negative number here;
nodal values are input on next

data card)

31 - 33 JpP 3-symbol alphanumeric code that will
appear in columns 74-76 of punched
output

The usual starting point for time step sequencing is "QO"
and the usual initial time is "0.0". However, nonzero
values may be specified if desired.

The usual initial condition for a drying process is a
uniform zero-shrinkage distribution (SIC = 0.0). However,
nonzero or nonuniform initial conditions may be specified
if desired.

If these columns are left blank the code "NODE" will appear
on punched nodal shrinkages and the code "ELEM" on punched
element shrinkages.

Initial Shrinkage Distribution Data (6(4X, F8.6))

Omit this card if (SIC) in columns 21-30 of the preceding
card is not negative.
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note columns variable entry

(1) 1 - 4 - blank
5-12 T(1) Initial shrinkage strain at node 1.
13 - 16 .- blank
17 - 24 T(2) Initial shrinkage strain at node 2

T(NQMNP) Continue until all.ncda] points are
input

NOTES/

(1) Enter the initial nodal shrinkages, six (6) nodes per data
card, using as many cards as necessary. This format is com-
patible with punched output from the program; hence, this
option can be used to restart a previous analysis that must
be continued for a longer period of drying. For a restarted
analysis change the initial time (TIME) on the control card
to the time at which the previous analysis ended.

VIII. TIME STEP DATA
For each time step input the following block of data:
A. Time Step Control Card (A4, 16, F10.0, 4I5)

note columns variable entry
1- 4 IA Enter the word "STEP"
(1) 5-10 NDT Time step number
(2) 11 - 20 DT Time step interval
(3) 21 - 25 ISOF Number of nodes with a nonzero flow

shrinkage boundary condition



26 - 30 I1 Printed output desired for this
particular timestep.
EQ. 0, no output
EQ. 1, nodal point shrinkages

EQ. 2, element shrinkages
EQ. 3, both nodal and element shrink-
ages
31 - 35 I2 Punches output desired for this

particular time step

EQ. 0, no punched output

EQ. 1, nodal point shrinkages

EQ. 2, element shrinkages

EQ. 3, both nodal and element shrink-
ages

(4) 36 - 40 16 Intermediate printout for debugging
purposes
EQ. 0, no printout
EQ. 1, debugging printout

NOTES/

(1) Time step cards must be input in ascending sequence with no
time steps omitted.

(2) Input the length of the time step in days. To end a data
case input a negative time step size in these columns and
then proceed to the next data case (heading card).

(3) Note that each surface node of the cross-section must have
one of the following boundary conditions:

1. Shrinkage strain specified. Such nodes are identified
on cards II.C, and the shrinkage values are specified
in the following data block (VIII.B). These values may
change from time step to time step if so desired.

2. Shrinkage flow specified (inches/day). Zero flow
(Q, = 0) is the default boundary condition; if no other
input is given all surface nodes are assumed to have
this boundary condition. If a nonzero value is speci-
fied, it is input in data block VIII.B. These flow
values may change from time step to time step if so
desired.



(4)

B.

note

(1)

NOTES/
(1)

3. Shrinkage flow or shrinkage gradient specified as a
drying boundary condition, as in Eq. A.1 or A.2. Data
for these nodes are input in data block V.

The total number of nodes that have a nonzero boundary
condition of type 1 or 2 is entered in columns 21-25;
the actual values are entered on the following card.

[f convergence difficulties are encountered in any particu-
lar analysis, this option may be called to print various
data during each iteration.

Nonzero Boundary Condition Data (5(I5, F10.0))

Omit this card if (ISOF) in columns 21-25 of the preceeding
card is zero.

columns variable entry
1- 5 J(1) Node number
6 - 15 FT(1) Specified shrinkage or flow at that
node
16 - 20 J(2) Node number
21 - 30 FT(2) Spicified shrinkage or flow at that
node

FT(ISOF)  Continue until all (ISOF) boundary
nodes are input

Input the global node number and the specified shrinkage
boundary condition (in/in) or specified flow boundary condi-
tion (in/day) for each of the (ISOF) boundary nodes. Enter
five (5) nodes per data card and use as many cards as neces-
sary. This data must be input for each time step - even if
the boundary conditions do not change from time step to time
step.
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APPENDIX B - SAMPLE PROBLEM

A 16 inch by 16 inch square concrete column reinforced with 10
#9 bars (placed as shown in Fig. B.1) is analyzed for free shrinkage
development. Because of symmetry only a guadrant of the column need
be considered. The finite element grid shown in Fig. B.2 and the
time step system shown in Fig. B.3 are used to discretize the problem.
Note that the round reinforcing bars are idealized as rectangles of
equivalent area. The two sides of the quadrant exposed to drying
are assumed to have shrinkage-dependent gradient boundary conditions
(Eq. 2.3c) and the two sides along the axes of symmetry are assumed
insulated (QBC = 0).

Shrinkage-dependent material parameters are utilized. For con-
crete, the diffusivity function shown in Fig. 5.2a is assumed, and

surface factor is defined by the relation
£(S) = 1.67 K(S).

Ultimate shrinkage, S_, is specified as 390 microinches/inch. Steel,
of course, is assumed to undergo no shrinkage and to have zero shrink-
age diffusivity.

Input data for this problem is shown in Table B.1. Note that
the time step data have been abbreviated.

Typical output is shown in Table B.2. The free shrinkage solu-
tion at selected times is plotted in Figs. B.4 and B.5. Figure B.4

shows shrinkage contours within the cross-section and Fig. B.5 shows
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shrinkage gradients along one of the axes of symmetry.
An average of four iterations was needed in each time step to
satisfy the gradient boundary conditions. The central processing

time (CDC 6400) required for the entire analysis was 167 seconds.
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FIGURE B.1 SQUARE COLUMN CROSS-SECTION
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FIGURE B.2 FINITE ELEMENT MESH FOR COLUMN QUADRANT
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a) AT T= 30 DAYS

b) AT T =180 DAYS c) AT T =1000 DAYS

(CONTOUR INTERVAL = 50 MICROINCHES/INCR)

FIGURE B.4 SAMPLE PROBLEM AT 30, 180, and 1000 DAYS
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FREE SHRINKAGE (MICROINCHES/ INCH)
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APPENDIX C - LISTING OF PROGRAM SHRINC

The following listing is the operational version of the computer
program SHRINC, as of August 1975. Although the program has been

tested, no warranty is made regarding its accufacy or reliability.
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