Transport and Communications Science Journal, Vol. 74, Issue 4 (05/2023), 507-518

Transport and Communications Science Journal

HYDRO-MECHANICAL-DAMAGE MODEL FOR THE
SECONDARY CREEP OF FIBER REINFORCED MORTAR AT
HIGH STRESS-TO-STRENGTH RATIO

Pham Duc Tho'", Luca Sorelli 2

!Geotechnical Engineering, Construction Materials and Sustainability — GCMS, Hanoi
University of Mining and Geology, Hanoi, Viet Nam

2l_aval University, Quebec, Canada

ARTICLE INFO

TYPE: Research Article
Received: 15/03/2023
Revised: 01/05/2023
Accepted: 14/05/2023
Published online: 15/05/2023

https://doi.org/10.47869/tcs|.74.4.10

“ Corresponding author
Email: phamductho@humg.edu.vn; Tel: +84976415657

Abstract. Recent works have showed that the secondary creep of concrete under sustained
high load level of load-to-strength ratio is likely due to a strong coupling between damage
and drying shrinkage, which locally occurs in the fracture process zone. The scope of this
work is to develop a simplified damage-poromechanical model for the secondary creep of
concrete, which directly accounts for such coupling. It was simply assumed that
microcracking affects the distribution of the moisture content by scaling the adsorption
isotherm with damage. The proposed hydro-mechanical-damage model couplings has been
implemented into a discrete lattice method based on dually coupled conduit elements and
mechanical element. Notably, the drying shrinkage is accounted within the poromechanical
framework of the partially saturated media. The hydro-mechanical-damage model can
engender microcrack process zone which govers the secondary creep of concrete at high
stress. The model has been validated on 2D experiments of secondary creep on FRC which
considers the effect of water-to-cement ratio and aggregate inclusion Finally, the model is
validated against experimental results on secondary creep fiber reinforced mortar (FRM)
beam considering the effect of concrete heterogeneity.

Keywords: Secondary creep at high stress, damage, adsorption isotherms, hydro-
mechanical-damage, microcracking, fiber reinforced concretes.

© 2023 University of Transport and Communications

507


https://doi.org/10.47869/tcsj.74.4.1

Transport and Communications Science Journal, Vol. 74, Issue 4 (05/2023), 507-518
1. INTRODUCTION

Beyond a certain critical stress-to-strength o/f. ratio, creep linearity with respect to the
load is lost and its increase is rather exponential. Notably, such threshold value of o/fc was
found to depend on the concrete heterogeneity, i.e., o/fc ~ 0.4 for concrete and o/f. ~ 0.8 for
mortars [1-4]. While the mechanisms associated to concrete creep are still under study [5],
there is a general agreement on the role of microcracking on the non-linear creep in both
secondary and tertiary phases [6]. For instance, a good experimental correlation between the
creep deformation and the acoustic events recorded during a tensile creep test on plain concrete
at high stress (with loading level P/Po (where P is the load at reloading and Po is the load before
unloading) in between 54% and 80%)) [7]. At high stress level, creep strains are associated with
microcracking growth, which can eventually result in concrete failure by tertiary creep [6]. Thus,
deteriorated concrete structures which undergo to excessive creep deformation due to secondary
creep may imply an important reduction of the safety coefficient against failure [8].

Rossi et al. [7], [9] claimed that the observed secondary creep concrete under high
sustained load level (54-80% of the average compressive strength) is mainly due to an
interactive process between microcracking and drying shrinkage. Simply speaking, when the
water in the capillary pores of the concrete is drained by dry microcracks, shrinkage strain can
occur. If the deformation is locally restrained (ex. by sand/aggregate particles), the internal
stress can achieve the tensile strength and causes further micro-cracking.

Based on a recent work on the flexural creep of sealed FRC concrete beams at high
loading level (between 60 and 100% of the load required to pre-crack the beam), Rossi et al.
[10] showed that the time to failure tr showed a logarithmic dependence on the loading level,
while the secondary creep rate follows a power law with respect to time, i.e., scale invariant.
Moreover, the elastic compliance, which was measured by cyclic loading, showed an initial
slight decrease up to a certain time, followed by a rapid increase with a logarithmic trend, up to
a value after which there is an unstable propagation. This confirms that secondary creep is
related to the growth of cracks. Furthermore, Daviau-Desnoyers et al. [11] observed that the
failure of the pre-cracked beam reloaded at a certain loading level P/Po occurs when the crack
opening defined by the static behavior envelope is attained.

In a recent experimental work, digital image correlation was employed to show that the
particle heterogeneity can increase the secondary creep of FRC concretes under sustained high
load levels [12].

Most of the models proposed for capturing secondary concrete creep are
phenomenological. Several models have extended linear visco-elastic model by multiplying the
creep compliance by a nonlinear function of the stress-state [13], [14] Bazant et Xiang, 1997
[15] proposed a nonlinear relationship between creep and stress by defining a crack growth as
a function of the stress intensity factor. Recent models have accounted for the coupling between
creep and damage by introducing a damage law associated to the creep strain [16], [17].

Recently, [18]-[20] implemented a probabilistic lattice model for predicting the flexural
creep of concrete beams at high stress. Based on the experimental results they assumed that the
time to failure (i.e., the duration of the creep test up to the final collapse) depends exponentially
on the stress level

Recently, Pham et al., 2022 [21] showed the ability of a simplified hydro-damage lattice
model to predict the secondary creep of FRC beams under high sustained load level [11], [22].
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However, the proposed model employed a phenomenological shrinkage coefficient to capture
the hydro-mechanical - damage coupling.

The scope of this work is threefold: (i) to develop a new model within the framework
of hydro-mechanical — damage coupling that can account for the coupling between microcrack
(damage), water diffusion and shrinkage at stake for concrete secondary creep; (ii) to implement
it in an existing hydro-damage lattice model [23]; (iii) to validate the model with respect to the
flexural creep of Fiber Reinforced Concrete (FRC) and Mortars under high sustained load level
[11].

2. HYDRO-MECHANICAL-DAMAGE COUPLING MODEL FOR SECONDARY
CREEP OF CONCRETE

2.1 Mechanical - damage lattice model

Recently, a mechanic - damage lattice model has been developed by a random network
of Delaunay triangulation and dual VVoronoi polygonization. For the mechanical lattice, the
elements are placed on the edges of the random Delaunay triangles (Figure 1). The geometry
of the cross-section of the lattice elements is determined by the corresponding edge of the
Voronoi polygon of length I. Each node has three Degrees of Freedom (DOF): two translations,
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Figure 1. Example of (a) Voronoi tessellation and Delaunay triangulation; (b) Delaunay triangulation,
degrees of freedom of the lattice elements for the mechanical and transport model in the local co-
ordinate system.

The displacement of the mid-point C is defined in terms of the node DOF as follows:

u, = Bu, (1)
where:

_{ T, _{ T
ue - Ul,Vl,¢1,U2,V2,¢2} ' uc - uc'Vc’¢c} (2)
B -1 0 ee 1 0 -6
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where he is the length of the element, e is eccentricity of the mid-point, Ie is the length of
transport element. Then, the displacement wu. is replaced by deformation

c

e=U./h, = (s, ¢¢,). The rigid matrix K of lattice element is determined by:

o xt

K

B'D,B (4)

3

Where D, is the elastic stiffness matrix and t is the out-plan thickness

The evolution of damage is controlled by stress-crack opening curve so that the mechanical
response is independent of the length of lattice element used:

c=(1-x)De=(1-«x)c (5)

Where elastic stress o =D,¢ and « is the damage variable, which can be determined by
equation:

f hde | .
1- =—Lg expl —— 1=t 6
( K)C ft & p[ Gfi/fi] ( ) (6)
E 0 O
Where D,=| 0 yE 0| Eisthe Young's modulus, ¢ is history variable, i = ¢ (compression)
0 0 E

or t (tension), Gt and Gr are fracture energies of pure compression and of pure tension,
respectively.

2.2 Moisture transport lattice model

The moisture transport conduit elements are idealized as 1D conductive pipes (Figure
1) placed along the facets of the Voronoi polygons and their cross-sectional areas are calculated
from the length of the corresponding edges of the dual Delaunay triangles. The moisture
transport in concrete is simulated by the nonlinear equation derived based on Fick’s law (Xi et
al., 1994), which accounts for the transfer of both liquid and vapor phases, as follows:

dw dh
%E—V((Dh)VhFO (7)

Where w is the moisture content [kg/m®], D, is moisture diffusivity of the undamaged
material which is commonly defined in function of the relative humidity h as follows [25]:

D, = Dl[% +(1—a0)/{1+[gj J] 8)

where: D, is moisture diffusivity at full saturation [kg/m/s], oo is the ratio between the minimum
and maximum moisture diffusivity, hc is the relative humidity in middle of transition between
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low and high diffusivity, n controls the slope of the moisture diffusivity transition. To consider
the damage effect on the diffusivity, the latter is decomposed in 2 parts, one from material
undamaged, and another one is taken in account the damaged material [26] as follows:

D.(h,@,) =D, (h)+D;(h,, ) ©)

Where D, (h,,@,) strongly depends on the modeled problem. In this present work, D, (h,,®,)
is defined as linearly proportional to the crack opening, and determined by (Grassl, 2009) as:

@

Dc (he’ a"}c) = Dh (h) (10)

(o

where cT)c is an equivalent crack opening defined from the permanent and reversible

deformation as explained in [26], and @g =h, - &4 is a parameter which controls the slope of

the change of the diffusivity, he is the mechanical element length which is here introduced to
regularize the numerical results with respect the element size. For instance, in a previous work

on normal concrete &, was set to 0.25%. [26]. As proposed in the work of [25], k =dw/dh is

called the slope of the isotherm (or moisture) capacity, which can be simplified as a constant.
In the present work, we assumed a simplified isotherm proposed by Kunzel which is a
simplified adaptation of the BET model [28]-[30] as follows:

(b-Dh dw w(b-1)b
=W, ——— =

" p_h _)E_W (11)

where, W, is a moisture content at the saturation (kg/m?) and b is a dimensionless parameter

greater than 1, typically b=1.3 [5]. This isotherm is a simplification of the moisture storage
function which reproduces well more complex which are commonly employed in for cement
based materials, such as law Van Genuchten model [31], in the capillary regime with relative
humidity greater than 50%

2.3 Effect of damage on the adsorption isotherm

As a first simplified approach, the underlying idea of this work is to reproduce the
reduction of the free water available in the capillary pores due to the formation of dry
microcracks [7]. Thus, the water content decreases exponentially with the damage x as follows:

MeXIO(—CKi) (12)

W =W,
b-h Eq

where c and &, are model parameter. Then, the moisture capacity reads:
dw  (b-Db [ ¢ j
=W, —— exp| -Ck — (13)

dh ' (b-h)’ £
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Figure 2a and Figure 2b show the moisture capacity and effect of damage parameter M, which

is here defined as M = —c:ci, on the relative humidity h. The effect of damage is to reduce
€

the water content in the adsorption isotherm. Note that M=0 represents the results of Kunzel

(1995). Furthermore, Figure 2b shows the normalized moisture capacity d(w/wys)/dh versus the

relative humidity h and the damage parameter M .

> h 0.5 0.6 0.7 0.8 0.9 1
Relative humidity h [-]

(a) (b)

Figure 2. (a) Relation between water content and relative humidity, (b) Relation between the
normalized moisture capacity vs. damage parameter M for different h values.

2.4. Hydro — mechanic - damage coupling model

Within a poromechanical framework [23], the overall stress is defined in function of the
overall strain (¢) and the capillary pressure ( P, ) as:

o, =(-K)D,+h (1-K)SP (14)

Where x is the damage parameter, b, is the Biot coefficient, S, is liquid saturation, and P, is
defined by Kelvin’s law as:

RT
P, == In(h) (15)
where:
R : Perfect gas constant, R=8,314 J.K1.mol?;
T : Absolute temperature in Kelvin;
o) : Density of the water, p, =1000 kg.m;

W, :Water molar mass, M=18.10" kg.mol*;
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3. RESULTS AND DISCUSSION

3.1. Static bending test
For validating the model, simulation results compared the flexural creep test for FRM-05 [12].

Moisture transfer model and mechanical parameters for material are presented in the Table 1.

Table 1: Moisture transfer model and mechanical parameters for material.

Diffusivity parameters

Material Isotherm Mechanical parameters
Eq.(8) parameters
0o he n D, Wt b E fc fi Gt Gre
[] [1 | [1 | ke/m/s] | (kg/m?] | [-] | [GPa] | [GPa] | [GPa] | [I/m?] | [I/m?]
- 2 6
Fgg" 005 | 074 | 16 | 85x108 | 100 | 13| 28 45 4 | °X10° | 5x10
FRC-05 | 0.05 | 0.74 | 16 | 8.5x108 100 1.3 31 52 5 5x102 | 6x10°

The Figure 3a presents the mesh and boundary conditions for mechanical problem and the
deformed mesh during the test, the boundary condition is identical to the experimentation but
adding hygric condition, it means that specimen is submitted to both drying condition with
relative humidity of 50%. The beam is initially loaded by displacement control until the crack
opening reached the initial Crack Mouth Opening Displacement (CMOD), w0 (0.2 mm), then
completely unloaded elastically, reloaded and subjected to sustained load conditions according
to the test setup (80%) (Figure 3b). The crack opening and deflection will be measured in times.

50%

h=

h =50%
1NN Mmm

(a)

Figure 3. (a) Mesh, boundary and initial condition (b) Simulation procedure.

Load (kN)

CMOD =0.2 mm

Pre-cracking

Unloading

----- Loading

Py/P, = 80%

CMOD (mm)

(b)

The crack opening-load curves are presented in Figure 4 for the numerical and experimental
static responses. As a previously published model on the same experimental results [20]. It
should be noted that the numerical model does not currently account for the unloading behavior
as a purely damage model. However, the damage due to the loading is considered and the
comparison between the numerical simulations and the experimental results will be made on
the creep phase. All experimental flexural creep tests obtained by simulation show good
agreement to the quasi-static experimental results [12]
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Figure 4. Crack opening-load responses of the experimental and numerical tests
3.2 Creep flexural behaviour

The experimental procedure for pre-cracking and applying the sustained load level of
the flexural creep tests is presented in Figure 3b. The crack opening evolution in time at the
high sustained load are presented in the Figure 5a, and Figure 7a. The simulated and
experimental results show a good agreement in the crack propagation phase. One can note that,
in the beginning of the bending test, due to the presence of a crack, creep increases significantly.
This can be associated to macrocrack growth and a time-dependent propagation of the
macrocrack. The pre-cracking caused the localisation of a macrocrack surrounded by
microcracks, which is usually called fracture process zone. Once the sustained loading is
applied, microcracks propagate over time around the crack tip zone. The discrete model
proposed by [11] is always underestimated the amplitude of the crack opening while the lattice
model seems to well capture.

0.22
021
= 02} T
E
£ g
—_ =
g 019} £
3
& ois 2
0.17 1 ; 1
FRM-05 —— FRM-05 ——
Simulation Result Simulation Result
0.16 - : . . : - 0.16 d - . : . :
0 5 10 15 20 25 30 35 0 5 10 15 20 25 30 35
Time [days] Time [day]
(a) (b)

Figure 5. Comparison between simulated and experimental responses in terms of (a) crack opening vs
time; (b) deflection vs. time.

The deflection-time responses of the flexural creep tests are presented in Figure 5b and Figure
7b. At high sustained loadings, the creep deflection evolution in time is the consequence of
crack propagation. The formation of microcrack causes a redistribution of water in the capillary
porosity. The consequent drying shrinkage strain occurs in the macrocrack tip, causing further
microcrack growth. Furthermore, water can be transferred from the capillary pores to the
macrocrack lips. Notably, the simple hypothesis of a damage effect on the adsorption isotherms
of the proposed lattice model is able to simulate the first propagation initiation phase.
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Effect of heterogeneity on the CMOD rate and deflection rate

The comparison of the CMOD rate and deflection rate for the experimental and simulation is
presented in Figure 6 with a fairly acceptable with indication of the parity line (1:1). The
simulation results for FRM-05 shows better agreement versus FRC-05. The model captures
well the reduction of creep CMOD rate for the sample without large aggregate (FRM-05 vs.
FRC-05).
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(a) (b)

Figure 6. Comparison between simulated and experimental for the mix designs:
(@) CMOD rate; (b) Deflection rate.

Effect of parameters on the Creep flexural behavior

This section aims at studying the effect of the coefficient c in the Eq. (12) which affects the
isotherm sorption. Figure 7a and Figure 7b show the effect of such coupling parameters on the
time-evolution of the CMOD and deflection, respectively. The effect of ¢ parameter is mostly
on the creep rate is evident at the end of the secondary phase, before entering in the tertiary
creep.

022 0.22
021 r 0.21 r
T 02t E‘ 02 r )
‘E‘ [ ‘_M}““.-ﬂ"
o 0.19 2 0.19 S
% 3 i
S ois T 08 | s
0.17 017
0.16 . . ! ! ! S 0.16 . L . ! ! ! t
0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40
Time [days] Time [days]
(a) (b)

Figure 7. Effect of the coefficient ¢ Eq. (12) on: (a) Crack opening ; (b) Deflection.

Finally, the effect of the coefficient Ei which govers the effect of damage on the water
diffusion is also studied by a parametric analysis (Figure 8). Within the range of model
parameters considered, the model indicated that the secondary creep rate seems governed by
the diffusion rate, while the transition to tertiary creep is governed by the coupling term c.
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Figure 8. Effect of the coefficient € on: (a) Crack opening; (b) Deflection.

4. CONCLUSION

This work presented an original model to simply account for the effect of damage on the

FRC secondary creep within a poromechanical framework. The hydro-damage couplings can
engender microcrack process zone which govers the secondary creep of concrete at high stress.
The model has been validated on 2D experiments of secondary creep on FRC which considers
the effect of water-to-cement ratio and aggregate inclusion. Based on the present results, the
following conclusions can be drawn:

1. With a reasonable and limited number of parameters, the proposed model assumed a

simplified coupling between adsorption isotherm and damage, which allowed to fairly
well predict the experimental secondary creep of FRM beams under sustained high
loads. The model is based on a simplified assumption that cracking affect water moisture
capacity, which can be related to water redistribution in the porosity systems due to
microscopic cracks. The consequent hygral imbalance engenders the drying shrinkage,
which, in zone under high stress, cause microcracking growth. This interactive process
governs the crack growth rate associated to secondary creep of cement based
composites.

The proposed model well predicted the effect of heterogeneity on the secondary creep
rate, especially in terms of CMOD rate, which increased the microcracking growth due
to the confining effect to the shrinkage strains.

The model validates the explanation of the secondary creep mechanisms proposed by
Rossi et Acker, 1988 [9] for high sustained load which assumes a damage evolution
driven by local drying shrinkage and water diffusion.

Future works are needed to enhance the poromechanical model towards more general
applications. Eventually, the proposed model appears a powerful tool to assess the effect of
microstructure heterogeneity on the secondary creep rate. Moreover, the model provides a first
engineer tool for assessing the effect of secondary creep on the structural safety of aged and
deteriorating concrete structures.
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