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JI. Jaxmanu

VYHuusepcurer uMm. Mynyaa Mammepu, Tuzu-Y3y, Amxup

Tlopucmocmev u abcopdyuoHHas cnocoOHOCMb OemoHa MO2Ym USMEHAMbCA BCAeOCmEue 2Uuepo-
MepMUYecKUx Hnpoyeccos, 4mo npusedem K UHUYUUPOBAHUIO U POCMY MPewuH, HaApyuaouux
cnaowHocmy 6emonnblx KoHcmpykyuil. Paspabomana xoneunosnemeHmuas Memoouxa Mooenupo-
6AHUA  UHUYUUPOBAHUS U POCMA MPEWUH C Y4emom UMeHeHUs 6IANCHOCIU U MenI0npo8OOHOCMU
bemona. Onucana OpuSUHAIbHASL KOHYENYuUs, OCHOBAHHASL HA MPEXMEPHOM HANPANCEHHOM COCMOsi-
HUU V37108 UHMESPUPOBAHUA 8 KANCOOM KOHEYHOM 2aemenme. [ oyeHKU pacmpeckueanus 6emon-
HOU KOHCIMPYKYUU NPEONOHNCEHO UCNONb308AMb 2100ANbHYI0 OMHOCUMENbHYIO NIOMHOCIb MPeujUuHbl,
Komopas mogicem 6vblmv UHOUKAMOPOM 06We20 YPOsHS YXYOULeHUsl Napamempos CoCMOSIHUSL KOHCIM-

DPYKYuuU.

Knrwuegote cnosa: 6CTOH, TCILIONEPCHOC, U3BMCHCHHUEC BJIA)KHOCTH, paCTpCCKUBA-
HUEC.

Introduction. Various environmental loadings, such as variation in the ambient
temperature, fluctuation of the relative humidity, the exposure to chemically harmful
substances, etc., cause the progressive deterioration of the concrete structures. The
long-term durability of concrete is largely governed by the resistance of concrete to
various physical and chemical processes of deterioration. The interactions between
these processes of deterioration become increasingly necessary to be considered in
the evaluation of durability.

With the fast development of data processing, the digital simulation found an
application increasingly extended by modeling various processes of deterioration
[1-3].

However, all these digital models are specific programs describing only the
processes considered, which limits their application to a broad variety of applications.
Moreover, the analysis of the mechanical stresses induced by the deterioration
process did not become available, which makes it impossible to evaluate the
influence of acceleration of cracks on the deterioration of concrete and to predict
the lifespan of the concrete structure after cracking.
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This study overcomes the above limitations by developing a finite element
model by using commercial software ANSYS [4, 5], where the processes of
thermal transfer and moisture transport are modelled.

Modeling of the Phenomenon. Before carrying out the hygrothermic
simulation of the concrete structures, it is necessary to discuss the digital models of
each process of deterioration. Based on the simulation of each process of deterioration
and consideration of various couplings between them, the method of digital
simulation of the coupled processes of deterioration is then developed.

Thermal Transfer. Based on the principle of energy conservation [3], the
process of thermal transfer is governed by the Fourier law as follows:

divlk, grad(T)]+ Q'(T) = PC(Z, (1)

where K is the thermal conductivity of concrete [W/(m-°C)], T is the temperature
of concrete (°C), p is the density of concrete (kg/m3), C 1is the specific heat

capacity of concrete [J/(kg-°C)], and Q' is the heat generation rate of concrete
[I(m? -s)].

Assuming that no heat generation rate exists in the hardened concrete, the
term Q' can be neglected.

The thermal conductivity, density, and specific heat capacity of concrete may
be assumed to be constant. In this case, the governing differential equation of heat
transfer may be solved as a linear problem with no effect of moisture transport
process.

The relation between the temperature variation and the associated mechanical
strain (thermal strain) can be expressed as follows:

€ thermal = CZAT, (2)

where € ,mq 15 the thermal deformation, « is the thermal coefficient of
expansion (°C_1), and AT is the thermal gradient (°C). The simulation of the
thermal transfer and the associated thermal stresses can be carried out by using the
transient thermal stress analysis, which is available in the finite element commercial
code ANSYS.

Moisture Transport. The process of moisture transport which is described by
the Fick law [6] is based on the second principle of conservation of mass and is
given as follows:

. ) ow
div[D,, grad(W)]+ O, (1) = o (3)
where D,, is diffusion coefficient of moisture (m?/s), W is free water content in
concrete (m3 /m3), and Q), is the source of moisture of concrete [m3/(m3 -s)].

The amount of water content consumed by hydration reaction is assumed to
be very small and therefore ignored.
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Numerical simulation of moisture transport is essentially a nonlinear problem,
since the moisture diffusivity D, is dependent on pore relative humidity,
temperature, etc.

The relationship between moisture content variation and the associated
mechanical strain (i.e., wetting expansion/drying shrinkage strain) can be expressed
as

€ shrinkage = ﬁ(W - WO ), 4)

where € g,ipkq0e 18 the shrinkage strain, p is hydral contraction coefficient of

concrete (m3/m3 ), and W, is the initial free moisture content of concrete (m3/rn3 ).

The governing differential equations of heat transfer and moisture transport
are similar, therefore it is possible to simulate the moisture transport process and
the associated drying stress in concrete using the transient thermal stress analysis
mentioned above. The physical parameters of the heat transfer process correspond
to those in the moisture transport process: for the main field variable, the temperature
maps to the free moisture content; for the transport property, the thermal conductivity
maps to the diffusivity of moisture; for the associated mechanical stress, the
thermal expansion coefficient maps to the hydral contraction coefficient.

Simulation Procedure. The heat transfer and moisture transport processes are
defined as individual physical environments first. The physical environment
functions like an independent module, where all related finite element types,
material properties, geometric model, boundary conditions and loads, as well as
meshing of the solid model for the specific physical field (such as temperature
field, moisture content field, and stress field) are defined accordingly. Next, a
sequentially coupled multiphysical analysis method is utilized to recall each
physical environment in turn and to perform the simulation of each deterioration
process iteratively within each time step. To account for the potential couplings
between various deterioration processes, the output result of one degradation
process may be used to modify the transport properties to the other degradation
process. The flowchart of the simulation procedure for the coupled degradation
processes is summarized in Fig. 1.

)
1
‘ Heat transfer | : !
1
1

A 4 !
‘ Moisture transport | !
1

| Crack analysis H Iterate for each time steps

Fig. 1. Coupled field simulation procedure.
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A self-programmed code in ANSYS Parametric Design Language (APDL) is
required to implement the flowchart and the proposed computational methodology.

The coupled-field analysis is performed in the following manner.

At each time step, perform the transient heat transfer analysis first to obtain
the spatial temperature distribution, where the nodal temperature is stored in array
A. Moisture transport analysis is performed to determine the spatial distribution
of moisture content, where the nodal moisture content is stored in array B. Finally,
stress analysis and associated cracking analysis are performed to obtain the
spatial distribution of the resultant stress, where the nodal stresses are stored in
array C.

Cracking Analysis of Concrete. Most deterioration processes are able to
alter the porosity and permeability of concrete, trigger the initiation and growth of
cracks, and thus impair the integrity of the concrete structure.

Ngo and Scordelis [7] introduced the effect of cracking into the finite element
analysis of reinforced concrete structures. Since then, numerous researchers
(Alfaiate et al. [8], de Borst [9], Loo and Guan [10]) have made substantive
contributions in this field. There usually exist two finite element-based approaches
to simulate the concrete cracking — discrete cracking approach and smeared
cracking approach.

Discrete Cracking Approach. Discrete cracks are treated directly as geometric
discontinuities, where the intact portion of concrete is generally assumed to behave
elastically, while the crack propagation is modelled by changing the topology of
the finite element model. Adaptive remeshing is required to implement the
simulation. It is extremely difficult to implement the simulation of concrete
cracking caused by the multiple coupled deterioration processes using the discrete
cracking approach.

Smeared Cracking Approach. Smeared cracks are assumed to be spatially
distributed over the entire volume represented by a local finite element or only by
the volume attached to one integration point within the finite element. The stiffness
matrix of each concrete element is modified accordingly to accommodate the
mechanical deterioration due to cracking without changing the topology of finite
element model. This approach proves to be efficient when incorporated in finite
element analysis.

Commercial finite element software ANSYS is adopted herein to simulate the
mechanical response of concrete subjected to coupled hydrothermal process, where
the uniaxial constitutive model of concrete shown in Fig. 2 is adopted.

An 8-node 3D thermal element SOLID70 with one temperature DOF at each
node is selected for the simulation of heat transfer and moisture transport processes.
For subsequent mechanical stress analysis, a corresponding 8-node 3D concrete
element SOLID65 with three translation DOFs at each node is selected.

This concrete element has eight nodes with three DOFs at each node —
translations in the nodal x, y,and z directions, and eight integration points inside.
Based on specified constitutive model and failure criterion, the concrete element
allows smeared reinforcement, plastic deformation, cracking in tension in three
orthogonal directions, shear transfer capacity, and crushing in compression. The
geometry and node locations for the concrete element are shown in Fig. 3.
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Fig. 3. SOLID65 concrete element.

The William and Warnke failure criterion [11] under multiaxial stress state is
adopted to assess the initiation of failure and identify the corresponding failure
modes (including cracking and crushing) at the centroid of a concrete element or
one of its integration points. The criterion is expressed uniformly as

F
fe

S =0, (5)

where F is a function of the principal stresses, S is the spatial failure surface
expressed in terms of the principal stresses and the material properties of concrete,
and f/ is the maximal compressive strength of concrete. Only if Eq. (5) is
satisfied, the failure of concrete element or that of its integration points assumed to
occur [4, 5].

Figure 4 represents the projection of 3D failure surface S in biaxial or nearly
biaxial stress states.

The above failure surface in Fig. 4 can be divided into four domains according
to different failure modes as:
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Fig. 4. Failure surface projection for concrete [4, 5].

1. 020, =0, =05 (compression—compression—compression).
Concrete is assumed to be crushed provided Eq. (5) is satisfied.

2. 0;=0=0, =05 (tension—compression—compression).
If Eq. (5) is satisfied, cracking will occur in a direction perpendicular to o.

3. 0, =0, =0=03 (tension—tension—compression).
If Eq. (5) is satisfied, the ultimate tensile strength linearly decreases with the drop
of 0;.Meanwhile, cracking occurs in the planes perpendicular to principal stresses
0, or 0, separately.

4. 0,=0, =05 =0 (tension—tension—tension).
If Eq. (5) is satisfied, the ultimate tensile strength attains f,. Meanwhile, cracking
occurs in the planes perpendicular to principal stresses o, 0,,0r 03.

In all above four cases, 0 =max(0,,,0 ,,,0 .,) is the first principal stress,

xp > )
and 03 =min(o,,,0,,,0,,) is the thirjczi7 pri};fcipal stress. Both the function F
and the failure surface S take different forms to accommodate corresponding
failure modes. As any failure mode occurs, the stiffness matrix of the concrete
element is modified accordingly to consider the crack-induced mechanical
degradation.

The number of cracks per unit volume of concrete is usually defined as the
crack density. This concept may be modified to take advantage of the output of
smeared cracking analysis — the number, location, and state of cracked integration
points in one concrete element or those of cracked elements in the entire concrete
structure. In this paper, the global relative crack density (GRCD) is proposed to
evaluate the cracking state of the entire concrete structure. GRCD is able to
quantify the overall cracking state of the concrete structure and serve as an
appropriate failure index. Once GRCD exceeds a specified threshold value based
on practical engineering requirements, the service life of the concrete structure can
be assumed to end.
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GRCD is defined as

N crack
P global = N ’ (6)

total

where 0= pppy <10, Ny is the total number of concrete elements, and
N yack 18 the number of cracked concrete elements.

Numerical Example. A plain concrete block 1.0 m long, 1.0 m wide, and 0.5 m
thick is selected herein to illustrate the simulation procedure of crack propagation
for concrete exposed to the coupled hygrothermal processes.

The total time length is assumed to be one year, which is divided into nine
time steps with an average of 40 substeps for each time step. The average duration
of each substep (i.e., about one day) is small enough to guarantee a stable solution.
To facilitate the finite element analysis, the unit of time is maintained consistently
in days, thus the transport properties of all deterioration processes are adjusted
accordingly. The finite element model is shown in Fig. 5.

1
ELEMENTZ AN

EEP 30 2007
11:01:11

Inner layer

1.0m

Cuter layer

Finite element model

Fig. 5. Finite element model.

The temperature of —10°C and relative humidity of 80% are enforced on the
outer layer of the plain concrete block. On the inner layer, a temperature of 20°C
and a relative humidity of 10% are applied. The initial temperature of the entire
concrete block is assumed to be 20°C. Meanwhile, the four side surfaces of the
concrete block are assumed to be isolated from any heat/moisture flux. In addition,
structural displacements in all three orthogonal directions are restrained at the four
side surfaces as structural boundary conditions.

Like macroscopic model, the simulation method does not require data
concerning the composition of concrete. Alternatively, it employs only the macro-
scopic properties of material enumerated in Table 1.

Results and Discussion. The cracking state of the entire concrete block at
each time step is illustrated in Fig. 6, where the right side view of the plain
concrete block in Fig. 5 is shown. It can be observed that more and more dense
microcracks uniformly distributed over the entire concrete volume propagate with
time.
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Table 1

Material Properties of Concrete [12]

Material properties

Values adopted

Compressive strength fo =30 MPa
Tensile strength f; =3 MPa
Strain at peak stress gy =0.002
Ultimate strain &, = 0.003
Elastic modulus E. =30 GPa
Poisson’s ratio v =02

Density

p = 2400 kg/m’

Thermal conductivity

k=2 W/(m-°C)

Specific heat capacity

¢=1000 J/(kg-°C)

Thermal expansion coefficient

a=10-10"3°c™!

Hydral contraction coefficient

B =996-10"% m*/m’
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Fig. 6. Crack accumulation in the concrete structure: (a) 0.1 year; (b) 0.3 year; (c) 0.5 year; (d) 0.6 year;

(e) 0.8 year; (f) 1.0 year.
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Fig. 7. GRCD of a concrete block.

The corresponding GRCD is shown in Fig. 7, which increases with time and
verifies the observation in Fig. 6. It can be observed that about 75% concrete finite
elements are cracked, though each element may attain a different cracking level.

It is observed that the values of GRCD can be divided roughly into three
phases. During the first phase (0-0.2 year), almost no cracks occur, and GRCD
approaches zero.

During the second phase (0.2-0.6 year), a great number of cracks are
generated, and GRCD increases quickly. During the third phase (0.6—1.0 year),
GRCD gradually approaches its maximum value, which may be explained as
follows. The cracking state of the concrete element has reached such an extent that
its degraded stiffness does not allow it to carry more loads (the other uncracked or
less cracked concrete elements may take the additional load).

Conclusions. An integrated finite element-based computational framework
has been proposed in this study to simulate the crack propagation in concrete
exposed to coupled degradation processes (heat transfer and moisture transport).

The smeared cracking approach is utilized to simulate the crack propagation.

Finally, the global relative crack density is proposed to describe the cracking
state of the entire structure and serve as an appropriate index to evaluate the overall
deterioration level of the structure. This methodology establishes a reasonable
basis for quantitative long-term durability assessment of concrete structures under
coupled deterioration processes.

Further work can extend this methodology to consider more deterioration
processes, including carbonation process, chloride penetration process, reinforcement
corrosion and rust expansion process.

Pe3zome

HInapucricts 1 abcopOuiliHa 34aTHICTH OETOHY MOXYTbh 3MIHIOBATHCS BHACIHIJIOK
TITPOTEPMIYHHAX TIPOIECIB, IO TPHU3BENE A0 IHIMIFOBAHHSI 1 POCTY TPIMIUH, SIKI
3YMOBIIIOIOTH TOPYIICHHS CYIUIBHOCTI OETOHHUX KOHCTPYKIIiNA. Po3pobieHo ckin-
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YEeHHOEJIIEMEHTHY METOJIMKY MOJICITIOBaHHS iHIIIFOBAaHHS 1 POCTY TPIMIMH 3 ypaxy-
BaHHSIM 3MIHM BOJIOTOCTI M TeronpoBigHOCTI OeToHy. ONHMCaHO OpPUTIHAIBHY
KOHIIETIIi0, 110 0a3yeThes Ha TPUBUMIPHOMY HANpPy>KEHOMY CTaHi BYy3IIiB iHTETpy-
BaHHs y KO)KHOMY CKiHUEHHOMY eJieMeHTi. J{Jisi OoliHKK po3TpicKyBaHHsI OETOHHOT
KOHCTPYKIIii 3amporOHOBAHO BUKOPUCTOBYBAaTH TJIOOAIBHY BIIHOCHY INUIBHICTD
TPIIMHM, sSKa MOKe OYTH IHIWKATOPOM 3arajJbHOTO PIiBHS IIOTIPIICHHS Iapa-
METpIiB CTaHy KOHCTPYKIIIi.
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