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Abstract

Frost damage is a key deterioration factor for concrete structures in cold and wet areas which has
been studied for several decades. For reinforced concrete (RC) structures, bond between
reinforcement and concrete plays an important role and its degradation under freezing-thawing
environment would affect the service life of the RC structures. This paper aims to develop a
mesoscale simulation approach which could estimate and investigate the bond behaviors under the
effect of frost damage. Based on the axisymmetric discrete element model - Rigid Body Spring
Model, the micro-mesoscale mechanical strengthening/damaging effects by frost action were
implemented to non-air entrained concrete and the bond interface. One-way pulling-out test was
simulated and the calculated bond strength was compared with experimental results where good
agreement was found.

Keywords: bond behavior; frost damage; axisymmetric Rigid Body Spring Method; mesoscale
simulation.

1. Introduction

Frost damage is one of the important environmental actions for life-cycle evaluation of
reinforced concrete structures. Lots of studies have revealed that the damage induced by freezing
and thawing cycles would affect the reinforced concrete structures in two aspects: degradation of
mechanical properties of concrete and bond behaviors between concrete and reinforcement [1, 2].
Thus, to understand and quantify the effect of frost damage on the material and bond properties has
become urgent and important so that the assessing of RC structural behaviors under frost damage
such as load carrying capacity could be achieved using finite element analysis.

A lot of researches have been conducted to disclose the mechanisms of frost damage on concrete
materials. It is generally agreed that several types of forces occur during the ice formation and the
damage by frost action could be quite different with different material and environmental conditions
[3-5]. For open ambient condition where continuous water was supplied, non-AE concrete showed
unrecoverable plastic deformation with increasing number of freezing-thawing cycles (FTCs) [6-7].
Under this circumstance, both simulation and experiments found that accompanied with the
accumulation of frost damage, the compressive strength, tensile strength and elastic modulus
decreased while the compressive strain at peak stress increased [6, 8-12]. On basis of the simulation
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results or experimental data, mechanical degradation models of concrete (including compressive
and tensile behaviors) were proposed, which could be adopted in finite element analysis [10-14].

Although many research articles have primarily concerned about the deteriorated properties of
frost-damaged concrete, very limited attention has been given to the effect of freezing-thawing
cycles on the bond behaviors between concrete and reinforcement. Pulling-out experimentations
with specimens of short embedment length could be found which investigated the local bond-slip
relationship between concrete and reinforcement under the effect of frost damage [1, 15-18]. Shih
conducted concentric pulling-out test with prismatic specimens to find that the cyclic temperature
change affected both bond strength and bond-slip curve [15]. Peterson et al. carried eccentric
pulling-our test on cubic specimens with only one-surface suffering frost damage according to the
TC 176 IDC test standard [11, 19]. The results showed that with increasing number of FTC, the
bond strength decreased but the slip at peak bond stress showed slightly decreasing for the first few
cycles and then increased. By contrast, other experiments indicated continuous increase of slip at
peak bond stress and reduction of bond strength accompanied with more FTCs [1, 2, 17, 18]. Liu et
al. proved that the bond between reinforcement and TIC (thermal insulation concrete) could have a
better resistance against frost damage than the bond between reinforcement and normal concrete
due to the special porous structures of TIC [18]. Due to the complexity of bond mechanism and frost
damage mechanism, the simulation work of bond behaviors under cyclic freezing-thawing
environment is still lacking as far as the authors’ knowledge.

In this study, a mesoscale simulation program was developed to investigate the bond
degradation under frost damage based on the axisymmetric discrete element model - Rigid Body
Spring Method (RBSM). Only non-air entrained case was focused since the effectiveness of air-
entraining-agent depends largely on its type and quality which makes its working mechanism
complicated and still unclear. Besides, the simulation program and models of bond behaviors for
non-air entrained case are lacked at this moment which is needed urgently for future studies. A
unified mechanical model considering the contribution of ice-strengthened elastic properties, pre-
stored pore pressure during freezing as well as the meso-cracks was implemented into the
axisymmetric RBSM program. One-way pulling-out test was simulated after a whole process of
FTC. The simulated bond-slip relationships for both sound (non-damaged) and damaged specimens
were also compared with previous experiments where good agreements were found to support the
reliability and applicability of the program. Parametric study is hopefully to be conducted with this
program in the future to propose a simulation-based deterioration model of bond-slip relationship,
which can be adopted in the numerical structural analysis of reinforce concrete members.

2. Axisymmetric Rigid Body Spring Method
2.1 Review of RBSM

The Rigid Body Spring Method is a discrete numerical analysis method firstly developed by
Kawai in 1978 [20]. Different from the continuum applications such as Finite Element Method or
Finite Difference Method, RBSM is a more proper way pertaining to simulate the cracking issues
for cementitious materials like concrete and mortar [8, 9, 21, 22]. Besides, RBSM is more suitable
for small deformation and tiny cracks which are often seen in concrete structures compared with
other discrete method such as Distinct Element Method. Since it is generally accepted that bond
action between concrete and deformed reinforcement bars are mainly assured by the interlocking
between ribs of rebar and intercostal concrete, and bond failure always accompanies with transverse
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cracking and splitting cracking of concrete, Rigid Body Spring Method is preponderant to simulate
the bond behaviors than other numerical methods [2, 23].

Several researches have been conducted on developing the Rigid Body Spring Method for
concrete materials and reinforced concrete structures: Kawai brought up the concept of 2D plane
stress/strain RBSM and gave some discussions on basis of the simulation examples using triangle
elements [20]. Bolander and Saito introduced truss reinforcement elements as well as polyhedron
concrete elements and they applied the RBSM approach to analyze concrete and reinforced concrete
beams [24]. Muto et al. adopted 2D reinforcement elements by configuring the outline of ribs and
simulated uniaxial pulling-out test with specimens of long embedment length [25]. Tension
stiffening was successfully observed in their simulation and the effect of several parameters were
discussed. Nagai et al. developed mesoscale 2D plane stress RBSM program and 3D RBSM
program for concrete by separating the model into mortar, aggregate and the interfacial transition
zone (ITZ) between them [21, 26]. The mesoscopic 2D plane stress RBSM program was adopted to
simulate the uniaxial/biaxial mechanical test and the bending test for concrete and mortar [20, 22,
27]. Through integrating the internal pressure model due to ice formation as well as the constitutive
models of springs accounting for frost action and fatigue, Gong et al. developed the mesoscale 2D
plane stress RBSM application to simulate the monotonic and fatigue behaviors of frost-damaged
concrete which was supported by the experiment results [5, 6, 7, 22, 27]. Recently, Hayashi et al.
conducted modeling of reinforcement elements with geometric shape with 3D RBSM in which the
RC anchorage performance was analyzed and verified [28].

To achieve further understanding on the bond deterioration owing to frost damage, the
corresponding mesoscale RBSM approach needs to be developed which unfortunately is still in lack.
However, bond action between concrete and deformed bars is a three-dimensional issue where hoop
stresses in concrete exist to resist the outward component of the interactive pressure between rebar
and concrete. Thus, the 2D plane stress/strain RBSM program could no longer be applied [8, 9, 21,
27]. 3D RBSM program could perform the bond behaviors properly but consume plenty of time due
to the large number of elements in mesoscale case, especially for the calculation time of frost
damage process [22, 26, 28]. Therefore, the mesoscale axisymmetric Rigid Body Spring Method
was developed to avoid the extremely large consumption of calculation time.

2.2 Mesoscale axisymmetric RBSM

Axisymmetric modeling technique is a two-dimensional analytical method which unlike 2D
plane stress/strain methods can evaluate the out-of-plane stress and strain components as well. In
the polar system, circumferential strain and stress of the element will initiate once deformation takes
place in the radial direction [29-31].

The mesoscale axisymmetric RBSM model is divided into polyhedron elements with random
mesh using Voronoi diagram and the elements are assumed to be connected by springs. Each Voronoi
cell represents a mortar, aggregate or reinforcement element with two translational and one
rotational degree of freedom locating at the center of gravity of the element. For two adjacent
elements, there are three springs connecting, i.e. normal spring, shear spring and circumferential
spring, which are placed at the midpoint of boundary between two elements (see Fig. 1). As
suggested by Takeuchi et al., the stiffness values of springs Ksp are evaluated from Eq. (1) where
subscripts n, ¢ and s stand for normal spring, circumferential spring and shear spring, respectively
[29]. Eelem and veem are accordingly the mesoscopic elastic modulus and Poisson’s ratio of the
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element (mortar, aggregate or reinforcement), which can be derived from the macroscale material
properties as Eq. (2) [26].

Ksp, = Ksp, = - Vetn) Evin
’ (1 + Velem )(1 - 2Velem ) (1)
Eelem
KSpS —__—elem
2(1 + Velem )
Ve = —24.8v* +31.9v° —16.4v* +4.28v
)

“+17.0v,, % -4.13v,, ° +0.327v

elem

E, = E(—33.7v

elem

elem T 1)

elem elem

For normal and shear springs of mortar-aggregate interface, the stiffness K is given as weighted
average of mortar and aggregate, as shown in Eq. (3) [21]. In which, h is the length of the
perpendicular line from the centroid of element to the boundary, see Fig. 1. For normal and shear
springs of mortar-reinforcement (bond) interface, the values of stiffness are assumed same as those
for mortar according to Muto et al. [25]. It should be noted that for circumferential springs, the
values of stiffness for mortar-reinforcement (bond), mortar-mortar, mortar-aggregate (ITZ) and
aggregate-aggregate interfaces are calculated using Eciem and Veem Of mortar.
K = Kspnlhl + Kspnzhz
’ h +h,
Ksp,,h, + Ksp,,h,
T hh,

©)

K

\bronoi
diagram

Fig. 1. Schematic of mesoscale axisymmetric RBSM model

A normal distribution is simply assumed for the tensile strength of normal springs since
concrete/mortar is not a homogeneous material, see Eq. (4). In Eq. (4), fielem is the tensile strength
of the element and assuming fielem=0 when fieem<0; u is the average value of fieem and s is the
standard derivation [21].

exp (ft,elem - /u)z / 252
f ( ft,elem ) = |: \/ZS :| (4)

s=-02u+15

For the shear springs of mortar, an elasto-plastic criterion is adopted where the value of maximum
shear strength zmax changes based on the status of normal springs, see Eq. (5) [26]:
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elem

T = £(030 Tty (-0 + ft, )™ + 0,15t X

in which o is the normal stress. And for the shear springs of mortar-reinforcement (bond) and mortar-
aggregate (ITZ) interfaces, the shear criterion follows Eq. (6):

T =t(ctand+c) (6)

max

where 6 and c; are constant values. For shear springs of mortar, ITZ and bond interface, the ideal
plastic performance is assumed when local shear strain is small [25, 26]. Whereas the shear stress
transfer will decrease when shear sliding becomes big and the attached length of two elements is
significantly reduced. In addition, the shear strength and stiffness could also be affected by the
normal tensile cracking. Thus, the following reduction rule is considered for the shear behaviors
[22].

Tmaxl = Tnax (1_ 55 / Ielem )(1 -w/ Winax )

, 7
K, =K (1=6, /e )(1-W/ W, ) "

where ds and leiem are the sliding distance and length of attaching boundary between the adjacent
elements; w is the crack width in normal direction and wmax is the maximum crack width for different
components. Similarly, considering that the tensile stress transfer might be reduced by the shear
sliding at same location, linear reduction is adopted for the tensile behavior as Eq. (8). The above
effects have been verified by the previous simulation of uniaxial compression and biaxial
compression-tension tests [21, 22]. Besides, for circumferential springs of mortar-reinforcement
(bond), mortar-mortar, mortar-aggregate (ITZ) and aggregate-aggregate interfaces, the values of
tensile strength are set the same as ITZ for consideration that ITZ usually acts as the weakest part
and dominates the circumferential behaviors.

ft,elem' = ft,elem (1_53 /Ielem)

. 8
Kn = Kn (1_53 /Ielem) ( )

2.3 Stiffness matrix for axisymmetric RBSM

To develop the mesoscale axisymmetric RBSM, the stiffness matrix is essential and the
derivation is stated as the following process: naming u=[up: Vp1 Up2 V2] and Ue=[u1 V1 01 U2 V2
02]" to be the displacement vectors of mid-point of interface between two adjacent elements (point
P) and elemental centroids (point 1 and 2) in global z-r-¢ polar coordinate system, see Fig. 2.

Fig. 2 lllustration of two adjacent elements in axisymmetric RBSM

Then the relationship between u and ue is given as Eqg. (9), where xij=xi-xj and yij=yi-y;:
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Converting the displacement of point P from global polar coordinate system (z-r-¢) into local
orthogonal coordinate system (n-s) where normal and shear springs locate, it yields that:
u=Ru
cosd, sind, 0
_|—sing,  cos6, _ (10)
0 co.s g, sing, 0 ~VYis X
—sing, cosé, —Xgs VY

Yz Xy
Xz VYas

1|-
B lis

where u=[up1 Ve1 Up2 Vp2]T is the displacement vector of point P in local coordinate system. 6,
stands for the angle between interface and r-direction. ls3 represents the length between point 3 and
4, as shown in Fig. 2. Once the displacements of point P are given, the spring deformation vector
d=[on Jr 5] of point P could be calculated, referring to Eq. (11). 6n and Js represent the

deformation of normal and shear springs. J, stands for the deformation in r-direction, which in other
words, is the translational movement of point P towards the z-axis, see Fig. 2.

d=Mu
u - u

s, 10 1 o 7 1o 1 0l (11)
v Vo Xy Ve - v

25\ =|cosg, —sing, cosg, —sing, || l=| Ve e Vo X )im

55 0 -1 0 1 gF’Z |43 |43 |43 |43 gF’Z
Vop 0 1 0 1 |[|ve

Combing Eqg. (9), (10) and (11), it indicates that the relationship between ue=[u1 v1 61 Uz v2 62]"
and d=[dn Jr Js]" follows:
d=NCu,

Yz Xz XaXpr T Yas¥pr Vs X3 ~Xi3Xp2 ~ YazYp2

N=|\/|[R[Q:i Lﬁ 0 % |4_3 0 L3Ye,
| 2 2 2 2

Xy Ya3 Xia¥p1 = YasXpr  —Xgs Yoz —Xiz¥Ypo T YasXp,

(12)

The relationship between spring deformation vector d=[Jn Jr ds]" and spring strain vector e=[en &,
es]" follows Eq. (13):

&l [Gl(h+h)

n

g=18, = . 1r

& o,/ (h +h,)
Yas I'h X3 /'h (X43XP1 + Y43yP1) I'h Vi3 Ih Xa3 I'h (_X43XP2 - y43yP2) /h (13)

Blu

e

B= i |4_3 0 I43yPl I4_3 0 |43 Ypo
| 2r 2r 2r 2r
X3 /Ih Yas /h (X43yPl - y43XP1) /h —Xy3 /h Va3 /h (_X43YP2 + y43XP2) /'h

where h; is the length of the perpendicular line from the centroid of element to the boundary
(h=h1+hy), see Fig. 1. r is the radial distance between point P and the axis, see Fig. 2. According to
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the theories of mechanics of elastic bodies, the stress-strain relationship for springs in axisymmetric
model is:

@-v)E 0
o, ‘. @+v)@-2v) 0 e :
-V
=Dl = 0 — 0 14
% % (L+V)(1—2v) % (14)
O-S 85 gS
0 E
| 2(1+v) |

In Eq. (14), o and ¢ means stress and strain, and subscripts n, s and ¢ represent normal, shear and
circumferential direction, respectively. Applying the principle of virtual work, if small displacement
ue” is assumed to take place on the adjacent elements, the corresponding strain of springs would be

L3

F
W)=l o (15)
where f¢ is the force vector of element centroids (point 1 and 2). Considering the spring lengths and
effective areas, the right term of Eq. (15) could be transformed according to Eq. (13) and (14):

h+h, 0 0 [lyx2zr 0 0
[{e) o={B, 1| 0 272r 0 0 I,x(h+h) 0 |DBW, (16)
0 0 h+h, 0 0 |, % 27T

Substitute Eq. (16) into Eq. (15) and eliminate the term of {u."}", it yields that:

f, =271l (h+h,) BTDB L, = KU,

17)
K = 27rl,, (h+h,) BTDB

Finally, the stiffness matrix K is derived for mesoscale axisymmetric Rigid Body Spring Method.

3. Micro-mesoscale Models for FTC

In the mesoscale axisymmetric RBSM program, mechanical models are required in mesoscale
which account for the concrete behaviors under the effect of FTCs. The main influences from the
ice formation are explained in the following statements by separating the influencing scale into
microscale and mesoscale. At microscale level, the representative volume elements (mortar Voronoi
cells in Fig. 1) are adopted which compose of cement matrix and pore space (filled with ice, liquid
and air). In this stage, the internal pore pressure is transferred into an equivalent volumetric force
while the pore ice leads to higher elastic mechanical properties such as elastic modulus, Poisson’s
ratio and strength. At mesoscale level, springs connecting the representative volume elements are
adopted where the internal pore pressure is treated as pre-stressed condition and the ice-enhanced
properties are directly considered in the constitutive laws. In this stage, meso-cracks form in normal
and circumferential springs if the ice volume expansion is big. With the above micro-mesoscale
models, the macroscale compression of pure concrete as well as the pulling-out behaviors of
reinforcement from concrete under the effect of frost damage could be simulated with axisymmetric
RBSM.

3.1 Ice content evaluation
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As a key factor to evaluate the internal pressure during freezing-thawing cycles, the amount of
ice content needs to be evaluated. To calculate the ice content, it is essential to know the freezing
point of pore water as well as the pore size distribution. The freezing point of pores with certain
radius (ro) could be calculated based on Eq. (18) where yc ~0.04)/m? is the specific energy of
crystal/liquid surface; ASw=1.2J/cm3K is the molar entropy of fusion; Ty is for certain freezing
temperature in Kelvin unit; 6~0.9nm is the thickness of liquid film between the ice crystal and the
pore wall [5, 32]:

2
=2l 4§ (18)
T,AS,,
The authors have proposed an empirical pore size distribution based on the water adsorption test by
Xi et al., which considers a wide range of parameters such as water/cement ratio, curing age and
temperature etc., as shown in Eq. (19) [33].

V(r>r) (Wsat W( ))/pwat
o 1/psolid +Wsat /pwat

 Upe [, R "
T py W ! P | [1-k(RH)]J[1+(C -1)k(RH)]

where V(r>ro) means the absolute volume of pores with larger radius than ro in unit volume of
cement paste; Wsa Stands for the normalized water content by weight of cement paste; p is the
density of substance; RH is the relative humidity; The values of Wsx and RH could be calculated as
Eq. (20) in which yy=0.072J/m? is the specific energy of liquid/vapor surface; vi=1.8x10"m3mol
is the molar volume of water; R=8.314J/K/mol is the ideal gas constant; T is the absolute
temperature; 6 =10(0.834RH+0.0626+0.02309(1.105-RH)™) is the thickness of adsorbed liquid-
like layer [32]. The other parameters could be calculated based on Gong et al., see Eq. (21) [32].

Ckv,

m

Mo = (1—k)(1+(C “1)k)

(20)
RH =ex Y
A— —5 RT)
-0, 9(0 068 —gj(o.ss + o.45ﬂj
C
_(1-1/n)c-1
- C-1
(21)
n=1. 1[2 54 15)(0.33+ 2.2ﬂ]
t c
C= exp(@)

In Eq. (21), tis the curing age and w/c is the water cement ratio. Then the ice content . at specific
temperature To could be calculated by combining Eqg. (18) and (19), as shown in Eq. (22).

v )= [ V(rdr=] V(e @)
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3.2 Microscale model of internal pressure and strengthening

It has been widely believed that multi pressures exists during the ice formation including
hydraulic pressure, cryosuction pressure and crystallization pressure [5, 22, 32]. Quantitation of
hydraulic pressure depends on many factors such as saturation degree, entrained air content,
permeability, plastic volume expansion of matrix, cooling rate etc. while cryosuction/ crystallization
pressures are mainly depending on temperature and pore size distribution. For convenience, only
summarized equations is given in Eq. (23) since detailed discussions could be found in the previous
studies [5, 22, 32].
009gy, M 2 [i+%+%J b,

V n R K, K. K

P =y, - AS AT (23)
P, =V, -(1-2)AS, AT

where p is the pressures with subscripts h, | and c¢ standing for hydraulic, cryosuction and
crystallization pressure, respectively; K¢ and K, are the bulk moduli of ice and liquid water with
value of approximately 8.8 and 2.2 GPa; w. and y represent the volume fraction of ice and liquid
water in pore space; ¢ is the porosity; m is the permeability of the porous body; # is the viscosity of
liquid water; b is the Biot coefficient; re and Re are the equivalent radii of the entrained air and
influential radius (average spacing factor between air voids L=2Rg); A and V are the equivalent
empty space and influential volume; /=-0.0095T+0.125 is the pore shape factor [34]; ASy=1.2J/cm?
and AT<O0 are the molar entropy of fusion and temperature in Celsius, respectively. As a result, the
effective stress oo due to ice formation on porous body would be:

O-Ozb(ph+pl+pc) (24)

Besides the internal pressure by ice formation, the effective elastic properties of representative
volume elements are also estimated. Based on various literatures, the authors have developed a
model for microscale representative volume elements composing with cement matrix, ice, liquid
water and air, and upscale it to mesoscale mortar [32]. The homogenized bulk (K"™) and shear
(GMm) moduli for a general n-phase composite are calculated as:

Kh‘"":if,K,Pr/i fP
1 1

: : (25)

G = z f.G,Q, /Z f.Q,

1 1

in which f, is the volume fraction of phase r; P, and Q. stand for the compressibility and shear
compliance of phase r. The expression of compressibility and shear compliance varies on different
inclusion morphology of mortar level and cement paste level where detailed information could be
found in Gong et al. [32]. With given K"™ and G™, the effective elastic modulus and Poisson’s
ratio are given according to Eq. (26).
Ehom _ gKhomGhom

3K™" +G™"

L (26)
V" =0.51— —
1/3+K™" /G
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3.3 Mesoscale constitutive laws

In mesoscopic level, for saturated concrete in non-freezing case, the normal and circumferential
springs of mortar, ITZ and bond (see Fig. 1) behave linearly before the stress reaches the tensile
strength fi. Once the tensile strain exceeds the threshold value o, the stress will decrease linearly
with increasing strain, see the black lines in Fig. 3(a), (b). If freezing temperature is obtained and
ice forms, enhanced elastic properties are taken into consideration for mortar, ITZ and bond. As a
result, the elastic modulus of normal and circumferential springs of mortar, ITZ and bond interface
would increase from ky to kn. In other words, the constitutive curves of these springs would shift
from the black lines to the red lines under freezing temperature in Fig. 3(a), (b). Besides, it should
be emphasized that no ice is assumed to take place in aggregate and rebar, thus the elastic modulus
of normal springs of aggregate and rebar are not enhanced during the freezing temperature. As stated
in Section 2.2, for the circumferential springs of aggregate-aggregate interfaces, the values of tensile
strength are set the same as ITZ for consideration that ITZ usually acts as the weakest part and
dominates the circumferential behaviors, the elastic modulus of circumferential springs of aggregate
are enhanced since ice is considered to form in freezing temperature along the circumferential
springs of aggregate-aggregate interfaces. However, the elastic modulus of circumferential springs
of reinforcement are not enhanced due to no ice formation.

To consider the influence by frost damage, Ueda et al. developed a linear unloading-reloading
path after the maximum historical strain reaches ¢o, see the solid black curves in Fig. 3(a), (b) [27].
The envelope curve will point to a compressive strain epa, Which could be calculated based on
experimental data [27, 32, 35]. It should be noted that two systems exist in the frozen cementitious
material: the porous body system and ice-liquid system. The effective internal pressure due to ice
formation go=b(Pn+P,+P) takes place firstly in the ice-liquid system. With expansion of the
porous body, this effective pressure oo is released until an equilibrium is achieved between two
systems, referring to the intersection point in Fig. 3(a). For convenience of the simulation, the
internal pressure oo is applied externally on both systems instead of internally on the ice-liquid
system (Fig. 3(b)) as long as the final stress (op) and strain (ew) of porous body are same [8, 9, 22,
32]. Same effective internal pressure as mortar is applied on the bond interface and ITZ between
mortar and aggregate for two reasons: 1. No obvious difference in the deformation of concrete after
FTC and frost-damaged strength is found whether or not to apply a larger internal pressure on ITZ
than mortar considering its larger porosity in the simulation of pure concrete. 2. For bond interface
in pulling-out model, the potential larger expansion due to larger internal pressure than mortar can
be restrained by surrounding concrete during FTC.

In the RBSM program, the deterioration of bond-slip behaviors includes two aspects: the
degradation of concrete materials as well as the degradation of reinforcement-concrete interface.
Besides, the ribs of reinforcement are also modeled because the concrete between ribs and near the
tips of ribs will always show meso-cracks earlier than the other parts of concrete during the pulling-
out. These meso-cracks in concrete near ribs will largely affect the bond-slip behaviors and such
effect is aimed to be reflected in the simulation as well.
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Till now, all the essential models are available and programming work has been conducted using
C++ language to build up the mesoscale axisymmetric RBSM which can simulate and analyze
various mechanical behaviors such as compression and tension of pure concrete and bond-slip of
pulling-out specimens after FTCs. Before simulating the bond properties with pulling-out models,
the reliability and applicability of mesoscale axisymmetric RBSM program were investigated by
simulating the uniaxial compression test of pure concrete specimens and uniaxial tension test of
rebar.

4. Simulations and Discussions
4.1 Compression behaviors of plain concrete under FTC

To verify the mesoscale axisymmetric RBSM program, compression test of pure concrete under
the effect of FTC was simulated using both mesoscale 2D plane stress RBSM and mesoscale
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axisymmetric RBSM, and the simulation results were compared with existing experimental data.

Pure concrete specimens were modeled referring to the NC-C35 specimens in the experiment
by Liu et al. in which air-entraining-agent was not adopted [18]. Objective compressive strength for
non-damaged concrete was 39.28 MPa and the mix proportion was listed in Table 1. In previous
studies, it was indicated that some macroscale material input values had relationships with the others,
thus once one parameter was given the rest ones could be calculated, see Eq. (27) [21, 26]. In Eq.
(27), fem is the compressive strength of mortar; Er is the elastic modulus of mortar; fy, is the pure
tensile strength of mortar; fy is the tensile strength of ITZ of bond interface and mortar-aggregate
interface; w/c is the water cement ratio and c; is the parameter in interface criterion (Eq. (6)). It is
indicated from Eq. (27) that the strength of ITZ is always less than that of mortar, which means the
ITZ acts as the weakest part. Besides, as mentioned in section 2.2, the stiffness of bond interface is
set same with that of mortar while the stiffness of ITZ between mortar and aggregate is assumed as
the weight averaged value between two materials. Thus, mortar-aggregate interface has a higher
stiffness than the bond interface. The number of coarse aggregates were distributed by size following
the JSCE standard on basis of the volume fraction [21, 26, 36]. Cylindrical concrete specimens with
dimension of $100x200 mm was modeled by 2D plane stress RBSM and axisymmetric RBSM, see
Fig. 4.

Table 1. Mix proportion of concrete (Liu et al. [18])

Cement Water Sand GHB* Gravel
Type w/c
(kg/m3)  (kg/m®)  (kg/m3) (kg/m?3) (kg/md)
C30 239 127 490 156 970 0.53
C35 384 192 468 156 986 0.50
C40 417 200 440 156 1010 | 0.48

Note: *-In calculation of material inputs, GHB was neglect for NC-C35 specimens while GHB was
assumed as coarse aggregate for TIC specimens, e.g. C30-5D, C40-5D, C35-3D and C35-6.5D in section
4.2.

E, =1000| 7.7In(f,, )55
f, =14(f, )-15
c/w=0.047f, +05 27)

c,=-2.6w/c+3.9
f; =—1.44w/c+2.3
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Fig. 4. Cylindrical concrete specimen, 2D plane stress RBSM and axisymmetric RBSM

The freezing and thawing cycles were firstly applied to the models before the compressive
loading. It should be noted that simplification was made to neglect the effect of freezing and thawing
rates so that much less computation time would be consumed. Previous studies had indicated such
simplification did not affect the simulation results of final status of the frost-damaged specimens,
which was the main interest of the study. According to Liu et al., the temperature varied from +20°C
to -20°C in one cycle and three cases were prepared depending on the number of cycles (30, 60 and
100) [18]. After the FTC process, prescribed displacement loading with 0.005 mm/step was applied
to the top surface of frost-damaged models. Meanwhile, restrictions of horizontal, vertical and
rotational direction were given to the bottom surface of the specimens. The compressive stress-
strain curves for non-damaged and frost-damaged concrete were drawn in Fig. 5, where “2D” and
“Axi” represented the simulation results with 2D plane stress RBSM and axisymmetric RBSM,
respectively; The numbers (0, 30, 60 and 100) afterwards stood for the numbers of freezing and
thawing cycles. From Fig. 5, it yielded that good correlation was observed between two different
models in which the compressive strength, strain at peak compressive stress as well as the stiffness
in ascending branches showed satisfactory agreements. The cracking patterns of sound concrete by
both models were drawn in Fig. 6 where (a) and (d) showed the original models before compressive
loading; (b) and (e) showed the post peak deformations where the deformations were enlarged by
10 times; (c) and (f) represented the cracking patterns in z-r plane where the red short lines meant
the stress of normal spring had reached zero and become ineffective to sustain any load (strain of
normal springs equaled to emax in Fig. 3(a), (b) and the crack width could be calculated according
to the length of spring). Typical X-shape cracking was observed in 2D plane stress case as shown in
Fig. 6(c). Besides, the cracking shape could also be simulated with axisymmetric model, see Fig.
6(f). It should be emphasized that the cracking of circumferential springs (in ¢ direction) was plotted
in Fig. 6(g) where the blue spots meant that the strain of circumferential springs had reached &max.
Compared with 2D plane stress RBSM, axisymmetric RBSM could give more information since it
dealt with the issues of three-dimensional stress condition. In addition, the axisymmetric RBSM
needed less computation time than the 2D plane stress RBSM even though it had finer mesh.
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In addition, the experimental data of compressive strength degradation by Liu et al. [18] was
also plotted together with the simulation results with both models, see Fig. 7. It had already been
proved that the 2D plane stress RBSM could successfully predict the deteriorated compressive
behaviors of concrete under FTC [9, 22, 32]. As shown in Fig. 7 where “2D” and “Axi” represented
the simulation results with 2D plane stress RBSM and axisymmetric RBSM, the mesoscale
axisymmetric RBSM developed in this study was proved to be reliable and adoptable to predict the
material properties of frost-damaged concrete as well.
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4.2 Pulling-out behaviors under FTC

Once the simulation by mesoscale axisymmetric RBSM on compressive behaviors of pure
concrete under FTC had been verified, the pulling-out test was simulated and analyzed. Before
simulating the pulling-out test, the elastic modulus and Poisson’s ratio of reinforcement were
evaluated, which was stated in Section 4.2.1. Afterwards, the pulling-out behaviors were simulated
and analyzed for both sound specimens and frost-damaged specimens. The simulation model of
pulling-out specimen was built up according to the specimens by Liu et al. [18]: for concrete,
proportion was listed in Table 1 and the non-frost damaged compressive strength was 39.28MPa;
for reinforcement, hot-rolled ribbed bar (HRB) was used with diameter of 12mm and elastic
modulus of 170GPa. Since the interactive action between ribs and concrete plays a rather important
role in the bond behaviors when deformed reinforcements are adopted [2, 23], the precise
configuration of ribs was considered in the model. Detailed information of reinforcement such as
cross-sectional area (As), spacing between ribs (sg), rib height (hr) and rib width (wg) could be
found in the literature [18] and the values were listed in Table 2. The pulling-out model with
embedment length of 5D was drawn in Fig. 8. In the experiment, plastic sleeves were adopted to
insulate the un-bonded region of reinforcement from surrounding concrete so that the bond length
could be ensured during casting and water could not penetrate directly from the ends of bond region
during FTCs. The specimens were put into containers with 5 mm demineralized water of emerging
where water could only penetrate from the surfaces (top, bottom and side surfaces) of concrete. As
a result, an un-bonded area was also modeled in the RBSM program, as shown in Fig. 8.

Table 2. Morphology of HRB-D12 reinforcement (Liu et al. [18])
Type As (mm?) sg (mm) hg (MmM) wg (Mmm)
HRB ®12 113.1 7.9 0.99 1.0

15



© 0o N o ok~ N

W W W WWwWwwWwNNRNRNRNNDNDNDNRNDEERRRR B 2 B | p
O 00 WP O OWWOW~NO0OOa~WNREOOONOOOGBMWNRNIERO

150mm

Fig. 8 Axisymmetric pulling-out model and details of ribs

It was noted that Liu et al. also prepared several thermal insulation pulling-out specimens with
different embedment length (3D and 6.5D) and concrete strength (C30 and C40) by adding glazed
hollow beads (GHB) [18]. Though the frost-damage resistance of such specimens was somehow
difficult to be simulated in current study, simulating the pulling-out behaviors of those non-damaged
specimens could offer supportive evidence for the reliability of the mesoscale axisymmetric RBSM
program. Thus, for non-damaged pulling-out specimens, five cases were simulated depending on
the embedment length (3D, 5D and 6.5D) and concrete strength (C30, C35 and C40), see Table 3.
To model those specimens, the GHB was treated as aggregate as explained in Table 1 as well. In
Table 3, the models were named by “concrete strength grade-embedment length-FTC numbers”.
For instance, “C35-5D-30" meant that the specimen was made of C35 (compressive strength=39.28
MPa) concrete and the embedment of reinforcement was 5D (60mm) which had suffered from 30
freezing and thawing cycles. Material inputs could be calculated according to Eq. (27) and FTC
followed the same process as described in Section 3.1. Similar to the simulation of compression test
of pure concrete, three damage cases were prepared where FTC stopped at the end of 30, 60 and
100 cycles together with one reference (non-damaged) case. Pulling-out simulation was conducted
after the specimens had finished the corresponding numbers of FTCs. Prescribed displacement
loading with 0.01 mm/step was applied to the bottom surface of reinforcement while the bottom
surface of concrete was restrained in horizontal, vertical and rotational directions, see Fig. 8.

4.2.1 Uniaxial tension of rebar

Before conducting the pulling-out simulation, it was very important to investigate the uniaxial
tensile behaviors of reinforcement by axisymmetric RBSM. For instance, owing to the Poisson’
ratio, radial contraction of rebar happened when the reinforcement was pulled out of the concrete
and longitudinal elongation took place. This radial contraction would lead to delamination between
the surface of reinforcement and the covering concrete, which affected the bond-slip behaviors. As
a result, simulation of uniaxial tension was conducted with 200 mm D12 rebar where the ribs were
neglected for simplification, see Fig. 9 [18]. Since it was mentioned that no yielding of rebar was
observed in the experiment, infinite yielding strength was given to the springs for reinforcement in
the current program. In other words, only the elastic behaviors of rebar were verified and adopted
in the simulation. The input elastic modulus and Poisson’s ratio of the reinforcement were 170GPa
and 0.3, respectively. The simulated results were drawn in Fig. 10 where the calculated elastic
modulus and Poison’s ratio were approximately 150GPa and 0.32, which demonstrated that the
elastic behaviors of rebar could be well simulated by the mesoscopic axisymmetric RBSM. Red
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curve in Fig. 10(b) showed the calculated Poisson’s ratio by simulating the compression test of pure
concrete with 2D plane stress RBSM by Nagai et al. [21]. In their study, it had been successfully
proved that the Poisson’s ration of concrete (around 0.2) could be well simulated with the two-
dimensional RBSM. In the current study, the simulation results indicated that the developed
mesoscale axisymmetric RBSM could successfully simulate the Poison’s ratio for reinforcement as
well, see the black curve in Fig. 10(b).
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Fig. 9. Uniaxial tension test of rebar and axisymmetric RBSM model
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Fig. 10. Elastic behaviors of reinforcement by axisymmetric RBSM simulation

4.2.2 Bond behaviors of non-damaged specimens

After simulating the pulling-out test, the average bond stress = was calculated by Eq. (28) where
P, D and |, was the applied load, rebar diameter and anchorage length [18]. The slip between
reinforcement and concrete was defined as the displacement of the loading end (bottom surface of
the reinforcement). The bond-slip behaviors of non-damaged specimens were drawn in Fig. 11.
From Fig. 11, it was indicated that for same concrete strength (C35), the calculated bond strength
showed slightly decreasing with larger embedment length. Meanwhile, for specimens with the same
embedment length (5D), the bond strength would increase by increasing the concrete strength grade.
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This phenomenon matched well with the observation by Liu et al. [18]. The bond strength for all
the cases (including the frost-damaged case in section 4.2.3) were listed in Table 3 and plotted
together with the experimental results, as shown in Fig. 12. Though the simulated bond strength
showed a bit larger than the test data, but they were still considered to be correlated since the
experimental results showed larger scattering (up to 24.8%) according to Liu et al. [18].
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Fig. 11. Bond stress-slip curves of non-damaged specimens by axisymmetric RBSM

Table 3. Bond strength by Liu et al. 2016 and RBSM
. 7u (MPa)
Specimens Cov. (%)
Test RBSM

C30-5D 2235 25.14 11.09
C35-3D 26.85 28.34 5.26
C35-5D 24.80 26.41 6.09
C35-6.5D 2270 22.29 2.12
C40-5D 26.43 28.83 8.32
C35-5D-30 22.42 24.04 6.73
C35-5D-60 20.67 21.35 3.18
C35-5D-100 15.94 15.93 0.06
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4.2.3  Bond behaviors of frost-damaged specimens

The deformations and meso-cracks of all specimens after different freezing-thawing cycles
were drawn in Fig. 13 and 14, where the deformations in Fig. 13 were enlarged by 100 times and
the short red lines in Fig. 14 meant the crack width of the corresponding normal spring had reached
0.005 mm. From Fig. 13 and 14, it could be observed that the frost action would lead to meso-cracks
and expansive deformations in concrete [6-8]. Besides, meso-cracks initiated firstly along ITZ and
bond regions since they played as the weakest parts. Especially for the specimen suffering 100 FTCs,
obvious meso-cracks could be found between reinforcement and concrete (see Fig. 13(d) and Fig.
14(d)), which would diminish the bond strength. It should be also emphasized that since the spring
length of bond interface was less than that of ITZ between mortar and aggregate, Fig. 14(d) also
yielded that the tensile strain (damage) of bond interface was larger than that of ITZ between mortar
and aggregate.

Eainue “ i _ b ;E T 574 - XY
(@) OFTCs (c) 60FTCs (d) 100FTCs

Fig. 13. Deformations of the specimens after FTCs (enlarged by 100 times)
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The simulated bond-slip behaviors of frost-damaged specimens were drawn in Fig. 15 and the
degradation of bond strength were plotted in Fig. 16 together with the experimental results. It was
indicated that the frost damage had obvious effects on the bond behaviors: both bond strength and
stiffness showed reduction with increasing numbers of freezing-thawing cycles while the slip at
peak bond stress increased slightly in the first few FTCs and decreased later. The slip at peak bond
stress showed different behaviors with previous experimental results, which needed further
examinations [1, 2, 15, 17, 18]. From Fig. 16 where the analytical and experimental results were
plotted and compared, correlation between the mesoscale axisymmetric RBSM simulation and
experimentation could be found on the degradation of bond strength, which strongly demonstrated
that the developed program in the current study could predict the degradation of bond strength under
the effect of frost damage. The cracking patterns in z-r plane when normal springs reached the
maximum bond stress were shown in Fig. 17, where the short red lines meant that the width of
cracks had reached 0.005 mm in the corresponding normal springs. From Fig. 17, with more cycles
of freezing-thawing, the diagonal cracks would penetrate deeper into concrete from bond interface
and connect with the meso-cracks in concrete which were generated by the frost action.
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Fig. 15. Bond stress-slip curves for both sound and damaged specimens by RBSM
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Fig. 17. Cracking patterns of the specimens at maximum bond stress

5. Conclusions

@)

@

@)

The mesoscale axisymmetric Rigid Body Spring Method program was successfully
developed to analyze the macroscopic pulling-out behaviors of specimens with short
embedment length under the effect of frost damage. Axisymmetric stiffness matrix was
derived for RBSM and theoretical micro-meso mechanical models accounting for frost
damage were applied into the program.

Reliability and applicability of the newly developed program were verified by conducting
simulation of compressive test for pure concrete under FTCs. Prediction of compressive
strength degradation was compared with previous 2D RBSM simulation as well as the
available experimental data where satisfactory agreements were achieved. Besides, the
elastic behaviors of reinforcement were also examined for the pulling-out simulation. As
an important factor which affected the bond-slip behaviors, the Poison’s ratio of
reinforcement was proved to be successfully simulated by the newly developed mesoscale
axisymmetric RBSM.

Simulation of pulling-out test for short embedment specimens was conducted with the new
program. For non-damaged specimens, the macroscale bond-slip behaviors could be well
simulated with different cases (e.g. concrete strength and embedment length), which
showed the reliability of the program. For frost-damaged specimens, the degradation of
bond strength was observed in good correlation with experimental data, which proved that
the developed mesoscale program could be adopted to predict the bond degradation
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between reinforcement and concrete under the effect of frost damage.
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