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It has been observed that a trench wall embedded in the soil of the Dead Sea has lost strength and is deteriorating
due to brine attack. This phenomenon demonstrates that concrete wall structural stability and durability can be
seriously endangered. Yet conventional analysis using macroscopic models is considered an oversimplification,

:tre{lgthl_f as it neglects the existing micro-cracking and other nonlinearities that are endemic to such deterioration. The
ervice life . . . . . P . .

Durability current study describes a multiscale formulation for estimating the anticipated reduction in strength of a concrete
Confinement wall exposed to both external and internal briny water. Our methodology provides an upscale formulation to

predict concrete response under aggressive environmental and partially confined conditions. The proposed
method uses the concept of a “fictitious” water-to-cement (w/c) ratio to express the microstructural changes that
cause an increase in material porosity, thus reflecting the material’s degradation through leaching. Simulation
results indicate that under the partially confined conditions representing actual ground pressure, the trench wall
will remain stable for a service life of 40 years. Furthermore, the proposed model was experimentally calibrated
and validated and found in agreement with experimental results.

1. Introduction
1.1. Description of trench wall and its environmental conditions

The Dead Sea is located at the lowest point on Earth and is probably
the best example of a hypersaline (340-380 g/1 of salinity) lake [1]. The
composition of its briny water differs from that of other saline lakes
because of its high concentrations of dissociated calcium, magnesium,
and chloride ions. An 18-km long trench wall with a thickness and depth
of 0.8 and 33 m, respectively, was recently constructed for the reha-
bilitation of a dike, encapsulating a 75 km?-large evaporation basin
belonging to the Dead Sea Works Ltd. (DSW), and located in the
southern part of the Dead Sea. As a result of erosion and associated loss
of sealing, seepage water losses have increased in the trench wall over
the years. Additionally, the associated formation of cavities in the core
area led to settlement and cracks in the dike and eventually formation of
sinkholes. This dike was recently strengthened to prevent its possible
collapse owing to the difference between the upstream and downstream
levels of the Dead Sea water and to reduce seepage losses [2].

* Corresponding author.

The excavated trench was supported by a slurry consisting of local
silt and clay mixed with brine from the Dead Sea. A mixture consisting of
blast furnace cement CEM III 42.5/A (containing slag and considered
highly resistant to aggressive environmental attack), wadi gravel (gravel
sand with fines), and brine was used to produce “brine concrete” on-site.
Before the lamellae were concreted, a thin steel sheet pile profile was
installed in the trench to ensure a sealing effect of the lamellae’s cut-off
during any future heightening activity and to resist heavy earthquakes,
either of which could lead to considerable bending moments in the cut-
off. As the constructed wall is embedded in the ground, it is exposed to
ground pressure and self-weight. The requirement of the designer of the
wall is that its strength not deteriorate to the values than could not resist
its self-weight.

In marine constructions, it has been proven that steel corrosion takes
place in the long run, mainly where the water table and ground meet the
fresh air. In this work, the wall is constructed (embedded) permanently
in the compacted ground of the dike; thus, corrosion of the steel sheet
pile is not considered to be of (much) concern. A view of the cross-
section’s wall (containing two materials: the brine concrete and the
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steel), together with its lateral cut-off cross-section, is shown in Fig. 1.
See also [2].

Concerns persist regarding the durability of this type of concrete
against both external and internal attacks of the extremely aggressive
brine of the Dead Sea. It is known that the brine of the Dead Sea, which
contains magnesium chloride (MgCly), chemically reacts with concrete-
forming brucite (Mg(OH),), which consequently converts the calcium
silicate hydrate (C-S-H) of the cement gel into magnesium-silicate-
hydrates (M-S-H). These new reaction products are weak and there-
fore may cause deterioration and loss in the strength of the cementitious
compounds by breaking down the binder matrix bonding aggregates.
Such deterioration poses dangers to the dike safety, owing to the rise in
sea level; likewise, increasing desertification (owing to climate change)
leads to the growth of salt content. In other words, the Dead Sea has a
high evaporation rate that causes a decrease in the lake’s water level,
thereby increasing the density and salt content of its brine [3]. A more
detailed description of the concrete damage resulting from this phe-
nomenon can be found in [4-6].

The concrete of the trench wall embedded in the ground under
aggressive conditions of the Dead Sea can lose its strength and quickly
deteriorate. Therefore, the durability and structural stability of the walls
can be seriously endangered. Conventional analysis using macroscopic
models is considered an oversimplification because of micro-cracking
and other nonlinearities. The methodology proposed in this study uses
the concept of a “Fictitious” water-to-cement (w/c) ratio, which is
related to microstructural changes occurring owing to brine attack on
concrete. The wall material is exposed to extremely aggressive attacks
from (1) the brine used as mixing water during concrete preparation on
site, since using brine instead of tap water in concrete compositions is
unprecedented in engineering practices worldwide, and (2) the external
brine of the Dead Sea, since the ground of the dike is rather permeable.

The rationale behind using concrete prepared with brine and its
simultaneous exposure to the external brine attack to strengthen the
dike stems from the assumption that the resulting mechanical response
of the wall material to the expected deterioration mechanisms may be
significantly diminished owing to the confinement from the surrounding
compacted ground.

It must be emphasized that the “Fictitious” w/c ratio introduced by
the authors is not a mathematical ratio of the mass of water to that of
cement in the concrete mix; rather, it is a conceptual ratio indicating
mainly the increasing material porosity over time, which results in a loss
of strength.

The “Fictitious” w/c ratio is a correlation factor representing the
degradation of the mechanical performance of concrete subjected to
aggressive conditions. This ratio can likewise be applied to chemical
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simulations resulting in microstructure change that consequently rep-
resents the leaching phenomenon of cementitious materials. Leaching
occurs wherever concrete comes into contact with water having a pH
value less than that measured in the pore solution of cementitious ma-
terials; other chemical reactions can also cause this phenomenon.
Leaching leads to the transfer of ions from external water to the concrete
pore solution, causing dissolved ions such as calcium to leach out; these
ions are then transported in solution to another location outside the
concrete wall. This process increases porosity, permeability, and diffu-
sivity of concrete, thereby degrading its mechanical performance.

The leaching effect has been modeled using various types of empir-
ical methods [7,8]. In addition, a 2D numerical study of the mineralogy
of leached cement resulted in cracked materials [9], while another work
used a continual 3D numerical model within thermodynamic specifi-
cation and phase stability exposed to low pH solutions [10]. Herein, we
used a different concept, “Inverse Analysis,” to represent the leaching
effect by controlling the w/c ratio based on experiment results of
compressive strength at variable leaching times. Controlling the dete-
rioration of the material through w/c ratio makes sense it plays a key
factor when the leaching effect occurs.

The method developed here uses three levels of concrete upscaling,
as described below.

1.2. Cement scale

Focusing on fine resolution, the cement paste scale (hereafter,
“cement scale”) is defined as a heterogeneous material composed of
solid products derived from the hydration process that are between 1
and 50 pm in size. The HYMOSTRUC3D model developed by Van
Breugel et al. [11-14], addressing the level of hydration of cement
products resulting in microstructure change related to their expansion,
was applied. Accordingly, the cement particles were modeled as spheres
that grew throughout the hydration process. Designed as a 3D explicit
model, HYMOSTRUC3D requires data related to cement components,
such as the w/c ratio, amount of cement, mineralogical composition,
cement fineness as measured by the Blaine apparatus, temperature of the
mix of Portland and blended cements, and specimen geometry. In our
approach, the “Fictitious” w/c ratio representing the destructive effect of
brine was used. The Rosion—-Rammler sieve curve, as presented in [15],
was chosen to describe the cement particle size distribution.

The lattice model [16,17], which can effectively predict material
behavior, crack pattern, and microcrack propagation based on the
microstructure, mortar, and concrete structure, was applied to charac-
terize the damage process. This model discretizes the continuum of
materials, as characterized by Timoshenko beam elements [18]. The

Lateral cut-off

+ 13.35 m DSW

=25

25 cm/”
5cm
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Sheetpile wall—{
P
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cross section a-a

Fig. 1. Cross-section of the wall (including the lateral cut-off) embedded in the ground.
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lattice network was constructed based on the structure of a unit cell.
First, the resolution/voxel is controlled by dividing the unit cell into
voxel cells. Then, one random node is parked in every sub-cell located in
each voxel cell. Next, the neighboring nodes are connected by beam
elements. The randomness of these nodes controls the degree of disorder
in the material, and as the element orientation influences the cracks, it
affects the fracture behavior. While the choice of randomness must
include a sufficient amount of heterogeneity, a slight difference must be
maintained between the lengths of the elements. After generating the
mesh, the mechanical properties were assigned to each component
depending on its location in the microstructure. Finally, depending on
the type of test being simulated, the boundary conditions were assigned
to the unit-cell surfaces. Lattice damage analysis determines the critical
element (e.g., the highest stress-to-strength ratio at each incremental
step). At every stage of the analysis, the critical element is eliminated
from the structure until the entire structure fails. This elimination
approach is related to the brittle fracture law [19], in which the
maximum stress is calculated as.

F Moy Mo,
6:(1/\/74’(1/\4( X0y, x0\>

A w )

where A is the area of the cross-section, W is the section modulus, oy and
ay are the “normal force influence factor and the bending influence
factor”.

1.3. Mortar-s scale

The second scale (hereafter, “mortar-s”) represents a mortar made
with fine sand. The materials included in this scale were cement paste
(matrix) and sand particles (inclusions). The mechanical properties for
the matrix scale were scaled up from the cement paste analyses, wherein
the size of the sand particles was in the range of 0.13-0.8 mm. The
geometrical structure of the mortar-s scale was evaluated using the Anm
model developed by Qian et al. [20], which is unique in its ability to
create unit cells of particles that are characterized irregularly as well as
the interface layer and matrix (cement). These particles are inserted into
the unit cells from the largest to the smallest, while overlapping among
them is prevented. The Anm model can be implemented using either
periodic or non-periodic boundary conditions. In this study we chose to
implement periodic boundary conditions that mirror the particles of the
unit-cell surface on their opposite surfaces. The data necessary for
execution of Anm model include specimen size, particle size (as
measured by width) distribution, as well as aggregate mass and density.
The outcome of this model represents the mortar structure, which served
as an input for the lattice model [16,17] subsequently applied to analyze
the damage process on the mortar scale.

1.4. Concrete scale

The larger scale dealt with in this study is the concrete (more accu-
rately, mortar made with coarse sand) scale, labeled “mortar-a4.” Its
mechanical matrix properties were scaled up from those in the mortar-s
analysis, and the size distribution of the aggregates was set to 0.8-4 mm.
Additionally, for this scale, Anm [20] and lattice models [16,17] were
used.

It should be noted that all scales have an interface layer that sur-
rounds the inclusions. In addition, in this study, concrete-confined
compression properties were attained directly using the up-scaled
properties of the cement-scale response under compression. These
confined compression properties represent the failure mechanism of
pore collapse, and the methodology to simulate this failure mechanism
is described in [21].

The methodology proposed in the current study was applied to
evaluate the durability and stability of the concrete wall in a dike owned
by the Dead Sea Works, made of concrete containing brine as the mixing
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water. As the brine from the salt layers located beneath the wall foun-
dation attacks the cement matrix, the continuing degradation of the core
material, which itself contains the brine, is a major concern. Therefore,
the primary research goal was to assess the durability and service life of
the wall, originally designed to last for 40 years. In this study, the
strength reduction was examined via unconfined uniaxial compression
of concrete cylinders performed at four different ages, and the final test
was conducted at the age of 120 d following the construction of the wall.
Because these tests were conducted under unconfined conditions, the
contribution of confinement was not considered. Thus, the evaluation of
the confined concrete strength is required for a realistic prediction of the
wall stability. Furthermore, it is known that chemical reactions can be
aggressive under unconfined conditions because of the alkali-silica re-
action (ASR), which results in the formation of microcracks in the
cementitious matrix [22]. The mechanical effect of confined concrete
results in the initial yielding owing to pore collapse, which is followed
by a hardening behavior caused by pore closure [23]. This mechanical
effect leads to an increase in compressive strength with the level of
confinement. The compressive strength can also be evaluated by
evolutionary artificial neural networks [24]. In a previous study [21], it
was observed that the unit cell of cement for the lattice model represents
concrete behavior under compaction and pore collapse; therefore, the
same cement paste scale was chosen for testing.

2. Methodology

In this section, we describe our up-scaling method for predicting the
compressive strength of concrete at 40 years of service life under
aggressive environmental conditions and confinement pressure. Here,
the primary challenge in prediction stems from the concrete composi-
tion, which incorporates brine instead of tap water, and external brine
conditions. Our approach for modeling this unique type of concrete is
divided into the following sub-steps.

In the first step, we developed an approach to define a “Fictitious” w/
¢ ratio that increases over time as a factor for the HYMOSTRUC3D
material model developed by Van Breugel et al. [11-14]; this approach
considers the effect of brine on concrete strength. This effect was then
incorporated multiple times into this material model to evaluate various
microstructures as a function of exposure time to brine. In the second
step, we used these microstructures as an input for the lattice mechan-
ical model developed by Qian et al. [16,17] to simulate the material
behavior under different types of loads.

The three pathways are shown in Fig. 3. The firs pathway shows our
method of up-scaling, specifically from the cement scale to the concrete
scale, which we subsequently validated with an unconfined compression
test of the samples drilled from the actual concrete wall. The second
pathway shows simulated compressive tests with completely confined
conditions to examine the effect of confinement, while the third
pathway shows simulated compressive tests performed under partially
confined conditions representing the ground pressure.

In the first pathway starts with the material model simulation. The
novelty of this approach is the development of a method to correlate
strength reduction to the material porosity, using a “Fictitious” w/c ratio
that increases over time, which in turn increases the porosity and
changes the microstructure. For this pathway, our objective was to up-
scale from the cement paste to the concrete scale with two material
models, namely HYMOSTRUC3D (cement scale) and Anm (mortar and
concrete scales). These two models were then combined with the lattice
mechanical model, which requires input parameters obtained from the
stress-strain curve under tension. Thus, the up-scaling from the cement
scale to the concrete scale achieved by a parameter-passing scheme was
evaluated using a tensile simulation. In addition, the microstructure was
added to the lattice model, and a lattice simulation was performed to
evaluate the mechanical properties to be used as input for the larger
mortar-s scale. Additional information regarding the model applicable
conditions is presented in a schematic diagram (Fig. 2).
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Fig. 2. Framework for the combined models and applicable conditions.
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Fig. 3. Workflow for modeling the resistance of concrete made with brine in confined conditions.

To simulate the mortar-s scale, the Anm model, which creates the
unit cell of this scale, was first used. It was then combined with the
lattice model to perform tensile simulations for up-scaling to the con-
crete scale. After up-scaling, any boundary condition can be selected. To
validate the fitting of the experiments, we used unconfined compression

tests performed on a concrete scale. For this scale, the Anm model was
also used to obtain the unit cell of the concrete combined with the lattice
model under unconfined conditions. This was performed to predict the
stress—strain curves. The validation was achieved by comparing the
stress—strain curve obtained from the simulation with that from the
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experiments performed on the wall samples.

The second and third pathway selections were initiated using the
proposed microstructure approach. Next, the damage mechanism of the
cement paste scale was obtained from lattice model simulations. The
objective of the second pathway was to simulate the compressive tests
under completely confined conditions so that we could examine the
confinement effect, the purpose of which was to simulate partially
confined uniaxial compression loads representing the actual ground
loads. In both these pathways, the cement scale represents the unit cell
of the concrete properties under confined conditions.

3. Materials

The proposed methodology was applied to a case study of a given
wall located in the Dead Sea; therefore, all the material properties were
used as input parameters for the numerical simulations based on this
case study.

3.1. Brine specifications

The composition of the Dead Sea brine is as follows: K: 7965 ppm,
Mg?t: 47,704 ppm, Ca®': 18540.5 ppm, Na': 18,246 ppm, Cl:
213408.5 ppm, SOz% 250.5 ppm, HCO3: 260.5 ppm; and specific
gravity: 1.253 g/ em?,

For the sake of comparison, the composition of seawater brine is
presented as follows: K™: 395.3 ppm, Mg?": 1278 ppm, Ca%*: 409.9
ppm, Na™: 10,679 ppm, Cl": 19,162 ppm, SO3 2 2680 ppm, and HCO3:
24.84 ppm.

3.2. Concrete material specifications

The concrete design of the wall [2] located in the Dead Sea is detailed
according to the data required for the simulations related to each scale,
ranging from the cement scale to concrete scale. The mix design con-
tained a blast furnace cement CEM III 42.5/A produced by Nesher Israel
Cement Enterprises, Ltd. Its specifications are as follows:

1. Mineralogical composition of clinker and gypsum in the cement
(35%): C3S, 55%; CyS, 20%; C3A, 6%; C4AF, 15%

2. Clinker and gypsum fineness in the cement (Rosin-Rammler
distribution):

F(x) =1 —e)n = 1.05771, b = 0.04282).

3. Chemical composition of the slag (65%):
Si02—36.17%, Mg0%—7.39%, CaO0—42.75%,
SO3—2%, Nap0—0.46%, Ko0—0.29%

4. Slag fineness (Rosin-Rammler distribution): F(x) =1—e" (n =
1.4457, b = 0.0112)

5. Chemical composition of the cement paste:
Si02—27.59%, Alp03—6.87%, TiO2—0.57%, Fex03—2.48%,
Mny03—0.26%, Mg0%—4.34%, S0O3—3.54%, Na0—0.91%,
P205—0.74%, Sr0—0.56%, K20—0.29%, Cr,03—0.02%

. Minimum particle diameter: 1 um

. Maximum particle diameter: 50 um

. The initial chloride content 30%mCl/m out of cement paste

. At a curing temperature of 20 °C, the average temperature of
groundwater in the Dead Sea area was 24 °C (see [25]), while the
temperature in the trench wall was lower than the ambient tem-
perature or that in the upper layer of the Dead Sea water; therefore, it
was set to 20 °C.

Al303—10.9%,
F6203f0.72%,

Ca0—51.85%,

O 0 N O

The mix design of the wall is also given in Table 1.
We evaluated the “Fictitious” w/c ratio for each concrete age to
ensure the validity of our model for concrete in brine. For this, we used a
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Table 1

Mix composition.
Parameter Value
Cement content C [kg/m?] 350
Brine water to cement ratio w/c [-] 1.37
Salt concentration [%] 31.5
Water-to-Salts [%] 2.17
Aggregate and sand content [kg/m®] 2216
Maximum aggregate size Da [mm] 16

tool that allows a connection between the chemical effects owing to the
brine attack and the loss of concrete strength by introducing an
increasing “Fictitious” w/c, which represents the gradually degrading
material microstructure; that is, the porosity mimics the material
degradation. Therefore, the “Fictitious” w/c ratio (represented by the
content of porosity in our simulation) for each concrete age was eval-
uated according to its experimental compressive strength. To evaluate
the “Fictitious” w/c ratio for each concrete age, we adopted Eq. (2),
which provides the “Fictitious” w/c ratio according to the concrete
compressive strength by the well-known Abrams’ law, used by concrete
technologists [26]. This report was based on the local guidelines for
concrete mix design and is still considered to be the most accepted
method for representing the strength of concrete as a function of the w/c
ratio.
A

o= Bw/c (2)

where A and B are constants, and w/c is the “Fictitious” water to cement
ratio. These constants were obtained by curve fitting between the curve
obtained from [26], which is valid for CEM 42.5, and Eq. (2). For
example, for the presented simulation and cement type CEM 42.5, the
coefficients were determined as A = 125.4 and B = 9.29.

The appropriate “Fictitious” w/c ratios required for each simulation
were evaluated based on the experiments of unconfined compressive
strength performed on a variable duration of exposure to brine, as pre-
sented in Table 2. The compressive strength for the variable duration of
exposure to brine obtained from the experimental results was used in Eq.
(2) to determine the “Fictitious” w/c ratio (see Table 2). The other in-
formation shown in Table 2 includes the experimental scatter of the
compressive strength obtained from the four cylindrical specimens,
microstructure corresponding to each data point, and 2D slice of water
content of the unit cell.

Additionally, we attempted to establish a relationship between the
chemical effects and loss of mechanical strength of the interface layers
between the sand and aggregate particles. The subsequent reduction of
strength is detailed in Section 5.2 and summarized in Table 5.

In addition, samples drilled from the wall at variable depth locations
at the same time were used to measure and weight the “Dry” density of
the specimen. The experiment result of the “Dry” density as a function of
depth is shown in Fig. 4.

The results presented in Fig. 4 show the dry density measurements of
the samples taken from different wall locations. The absence of a cor-
relation between the density and wall depth and low scatter of results
indicates that the porosity of hardened concrete and its initial strength
are independent of the depth.

The mechanical properties of fine sand and other aggregates are
assumed, according to [17], as follows: Young’s modulus E = 70,000
MPa, shear modulus G = 29,000 MPa, tensile strength f, = 24 MPa, and
uniaxial unconfined compressive strength f, = 240 MPa.

The sieve analysis results of the aggregates are presented in Table 3.

4. Macroscopic experiment

First, the mixture was tested to examine concrete workability by a
flow diameter test following EN 12350-5. The diameter of concrete flow
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Table 2

Compressive strength, time, “Fictitious” w/c, of the unit cell, and 2D slice of water content of the unit cell.

Construction and Building Materials 341 (2022) 127721

Mean strength ¢ Coefficient of Experimental exposure Time Time-dependent Unit-cell form fictitious 2D slice of water content of the
(MPa) variation (%) duration (d) (h) fictitious w/c w/c unit-cell
6.21 15 3 72 1.35
3.28 30 28 672 1.63
2.92 24 57 1368 1.69
1.6 18 120 2880 1.96
2300 T T T T
Standard deviation = 56.2 [kg/m°]
ml-‘
£2250 o
-
(&)} =} ° (=]
==, =) o o
o °
2200 - ° o ® o ° |
(=]
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8 2 % ° o © °
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o °
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Depth [m]
Fig. 4. “Dry” density measurements of concrete cores taken from different depths of the wall.
Table 3

Sieve analysis results of the aggregates.

Type of sands Sieve range (mm) Mass percentage (%)
Fine sand particles 0.13-0.8 100

Aggregate particles 0.8-1.5 14

Aggregate particles 1.5-2.5 29

Aggregate particles 2.5-3.0 29

Aggregate particles 3.0-3.5 14

Aggregate particles 3.5-4.0 14

was found to be in the range of 540-620 mm. Later, unconfined
compressive tests were carried out on specimens drilled from the wall
located in the Dead Sea (see [2] for more details). These specimens,
drilled from the wall approximately half a year after it was cast, were

Fig. 5. Concrete specimens placed in brine water (left), unconfined compres-
sive tests (middle), and concrete after testing (right).
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then placed in brine water. Testing was conducted at different durations
of immersion, see Fig. 5.

The specimens drilled from the concrete wall had standard cylin-
drical shapes with diameters and heights of 37 and 60 mm, respectively.
Following immersion in brine for different periods of time, the speci-
mens were tested at (3, 28, 57, and 120 d) to estimate the loss of strength
owing to the brine attack. The results of each experiment were subse-
quently used to calibrate and validate the numerical models. The
mineralogical component of the clinker and gypsum and the chemical
component of the slag were determined by X-ray diffraction (XRD) and
inductively coupled plasma (ICP) analyses, respectively. The amounts of
clinker, gypsum, and slag, particle size distribution, minimum and
maximum particle sizes, and curing temperatures are presented in Sec-
tion 3.2. The slag in this type of cement is the main hydraulic compo-
nent, and its reaction rate is slower than that of normal Portland cement.
This slow reaction leads to the formation of further CSH phases and
results in a lower heat of hydration than in regular Portland cement.

The sieve analysis of the sand is summarized in Table 3. Uniaxial
unconfined compression tests were conducted with high friction (HF)
boundary conditions, which characterize the degree of friction resulting
from direct contact between the specimen and steel loading plates
without lubrication. The dependence of the unconfined uniaxial
compressive strength versus the duration of exposure to brine is pre-
sented in Table 2, while the experimental damaged cement zone is
depicted in Fig. 9. The strength results were used to calibrate and vali-
date the numerical models and estimate the concrete strength at the end
of a service life of 40 years. However, should one wish to predict the
realistic risk of failure for the service life of a wall, the effects of partial
confinement must be considered. Confinement is expected to slow down
concrete expansion, chemical reactions, and loss of strength.
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5. Microstructure modeling of cement paste
5.1. Input parameters

The validated HYMOSTRUC3 model [14] was used to simulate the
cement hydration process and ultimately create the cement paste
microstructure. Simulations were performed for the material mix design,
which is described in detail in Section 3. The microstructure was
assigned a variable “Fictitious” w/c ratio corresponding to the duration
of exposure to the brine for the specimens tested for unconfined
compression. The “Fictitious” w/c values of 1.35, 1.63, 1.69, and 1.96,
according to the exposure duration, are listed in Table 2.

To demonstrate that the wall was well-designed a design life of 40
years, another simulation was performed using the HYMOSTRUC3D
model [14]. This 40-year simulation was accomplished by using the
microstructure at the age of 317 d, at which point the cement products
reached approximately 99% of their hydration. These simulations were
performed for the previously mentioned material mix design. The
“Fictitious” w/c ratio corresponding to a 40-year exposure duration was
evaluated using Equation (3), which is logarithmic and based on the four
experimental datasets presented in Table 2, as shown in Fig. 6.

Y = 0.1507-In(time(d)) + 1.1571 3
C

The “Fictitious” w/c ratio, thus determined for a 40-year period, was
2.6. Fig. 6 shows the curve fitting between the experiments and Eq. (2).

To account for the material degradation caused by the brine attack,
each exposure duration was simulated with the HYMOSTRUC3D model
discontinuity in such a manner that the w/c parameter could be changed
rather than set as a fixed value, thus allowing the formation of different
microstructures with increasing water content. In this argument, we
assume that the simulations from time O to the evaluated time, with its
appropriate w/c, can be used to evaluate the concrete strength. This
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Fig. 6. The y-axis represents the “Fictitious” w/c ratio (left) and the percentage of porosity volume out of the cement unit cell (right), while the x-axis represents
duration of exposure to the brine with a log scale view. Also presented is a 2D slice of water content (blue) of the cement unit cell at each data point.
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assumption does not represent the actual material degradation process;
however, it provides an appropriate response. We adopted this as a
calibration process that provided logical outputs in the order of
magnitude.

5.2. Simulation results

The predicted microstructures at ages 3, 28, 57, and 120 d were
labelled according to the duration of exposure of the specimen to brine.
Simulations were performed at 3, 28, 120, and 40 years to ensure con-
sistency in the ages of the macroscopic experiments and their corre-
sponding simulations. The resulting microstructural changes in the
concrete versus the duration of exposure to brine for the 100-mm cubes
are presented in Fig. 7.

6. Unconfined simulation tests Up-scaled from cement to
concrete

This section describes a comparison between the results of an
experimental uniaxial unconfined compression test, as detailed in the
material section and the up-scaled strategy [27], from the cement paste
scale to the concrete scale. This concrete scale is the scale of the
experimental validation results presented in Section 5. In addition, a
calibration at 28 d was performed to obtain the mechanical interface
properties, a validation at 57 d, and an analysis of the cut-off unconfined
wall at the end of 40 years is presented here.

6.1. Estimation of cement paste mechanical properties

To reduce the computational time, the simulation was performed by
a two-steps approach (see [27]).

Initial homogenization step. The specimen size allocated for the
cement paste was dismantled to 1000 sub-specimens, of size 10 x 10 x
10 pma, at ages of 28, 57, and 317 d, and 40 years, as presented in
Section 4.2. The lattice simulations of all sub-specimens one after the
other were carried out in an automated manner. The verification and
validation with experiments on the proposed lattice model are presented
in [19]. For the cement paste scale the uniaxial tension simulation was

Microstructure
as
function
of
time cycle

120 (d) 57 (d)

Fig. 7. Microstructure simulation for the input “Fictitious” w/c ratio defined for
each respective exposure duration: w/c =1.35at 3d; w/c =1.63 at 28 d; w/c =
1.69 at 7 d; w/c = 1.96 at 120 d; and w/c = 2.60 at 40 years (the porous cement
paste is represented by dark blue, un-hydrated cement by gray, and slag by
bright green; the inner hydration product is shown in bright orange, outer
hydration product in dark orange, and CH-calcium hydroxides in red).
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chosen to scale up the required mechanical properties of the cement
paste scale; representative points of the resulting stress—strain curve
were used for the properties of the matrix of the mortar scale. In addi-
tion, High-friction (HF) boundary conditions were similarly assigned for
the tensile simulation. Hard contact, known as HF, was obtained by
preventing displacements and rotations on the loading faces and
allowing free motion on the remainder surfaces. The elastic properties of
the variable phases were investigated as published in [28], and the
tensile strength was evaluated from its hardness, and the compressive
strength was assigned through an approximate estimation by multi-
plying the tensile strength by 10, as suggested in [17]. The mechanical
properties of the solids on the cement scale are listed in Table 4. The
interface mechanical properties, displayed in Egs. (4) and (5), were
calculated according to the formulae published in [17].

2_ 4+t 1 @

fir = min(fia, fis) )

where E4 and Eg are the moduli of solids A and B, respectively, and Ej is
the interface layer module.

A resolution of 1 um/voxel was chosen for each voxel cell in this
study, and the randomness was set to 0.5, as recommended in [17]. After
generating the mesh, the mechanical properties must be assigned based
on its location in the microstructure of each element. The local phases
include unhydrated cement, slag, inner products, outer products, and
CH. The elements connecting two different phases were assigned the
interface properties, while the pores were not assigned an element as
they did not contribute to the global performance. Thus, the number of
material types created for this simulation was 15, as presented in

Table 4
Specifications of lattice model inputs used for the cement paste scale.
No.  Element type Young's Shear Tensile Compressive
modulus E  modulus strength f;  strength f;
(GPa) G (GPa) (GPa) (GPa)

1 Unhydrated 135.0 52.0 1.80 -18
Cement

2 Interface — 100.5 41.8 1.60 -16
Unhydrated
Cement and
Slag

3 Interface — 49.0 20.0 0.24 —2.4
Unhydrated
Cement and
Inner

4 Interface — 38.0 15.2 0.15 -1.5
Unhydrated
Cement and
Outer

5 Interface — 53.0 22.0 0.26 —2.6
Unhydrated
Cement and
CH

6 Slag 80.0 33.0 1.60 -16

7 Interface — 43.6 18.1 0.24 —2.4
Slag and Inner

8 Interface — 34.5 14.3 0.15 -1.5
Slag and Outer

9 Interface — 46.7 19.5 0.26 —2.6
Slag and CH

10 Inner product 30.0 12.0 0.24 —-2.4

11 Interface — 25.0 10.0 0.15 -1.5
Inner and
Outer

12 Interface — 31.5 12.6 0.24 —2.4
Inner and CH

13 Outer product 22.0 8.9 0.15 -1.5

14 Interface — 26.4 10.6 0.15 -1.5
Outer and CH

15 CH 33.0 13.2 0.26 —-2.6
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Table 5
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Interface material properties between the cement matrix and sand particles for the mortar-s scale and aggregate particles, and mortar-s matrix for the concrete scale.

No. Element Type

Young Modulus E (MPa)

Shear Modulus G (MPa)

Tensile Strength f, (MPa)

Compression Strength f, (MPa)

2 Interface — Fine Sand and Cement 28 d 41,681 17,033 3.805 —38.05
2 Interface — Fine Sand and Cement 57 d 36,080 14, 744 3.23 -32.3

2 Interface — Fine Sand and Cement 120 d 26,565 10,887 2.425 -24.25

2 Interface — Fine Sand and Cement 40 years 1775 143 0.16 -1.6

2 Interface — Aggregates and Mortar-s t 28 d 43,017 17, 579 3.93 -39.3

2 Interface — Aggregates and Mortar-s 57 d 36,597 14, 956 3.343 —33.43

2 Interface—Aggregates and Mortar-s 120 d 27,419 11,237 2.505 —-25.05

2 Interface — Aggregates and Mortar-s 40 years 1832 143 0.16 -1.6

Table 4. one that was equal to the specimen size of the cement scale. (Additional

Following homogenization step. The original specimen size allocated
for the cement paste was employed in the simulations using the lattice
model with a resolution of 10 um/voxel. The elements were of the same
size as the resolution and were assigned to the mechanical properties of
the output resulted from the stress—strain curve for each sub-specimen
from the initial homogenization step. Tensile simulations were con-
ducted for the ages of 28, 57, and 317 d and 40 years, which provided
the stress—strain curve of the cement paste for evaluating the mechanical
properties of the matrix of the mortar-s scale (see Fig. 8).

6.2. Scaling up from the cement to mortar-s scale

The mortar scale was composed of a cement paste that functioned as
a matrix, sand particles, and an interface layer bonding the particles and
the matrix together. The mechanical properties of this sand are obtain-
able in Section 3.2, while the interfaces between the sand and cement
paste for different ages are listed in Table 5. Multilinear curves were
generated from the simulations described in Section 5.1 (see Fig. 8), and
the mechanical properties were defined accordingly. The lattice model
applied for the tensile simulations was assigned the same boundary
condition as described in Section 5.1. To ensure cost-effective simulation
while maintaining a good quality of results, we selected a specimen size
of 2 x 2 x 2 mm3 or 2.5 times the maximum particle size from the unit-
cell of the mortar-s scale. This ratio was sufficient to consider the ma-
terial homogeneity, as recommended in [29]. This up-scaling method
required the higher scale to be of a similar or finer resolution than that of
the lower scale; therefore, the resolution chosen was 0.1 mm/voxel, or
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Fig. 8. Tensile simulation of the cement paste at 28, 57, and 120 d, and 40
years. The tensile strength at 57 d was lower than at 28 d by 14.92%; tensile
strength at 120 d was lower than at 28 d by 36.26%; and tensile strength at 40
years was lower than at 28 d by 95.74%.

information can be found in [17]: The geometrical structure of the
mortar scale was generated using the Anm material model simulation
[20]. For this purpose, the Anm model input parameters included the
unit cell size of the mortars, sieve analysis of the sand, as presented in
Table 3, a mass of 0.004044 g, and a density of 0.00265 g/mm?, which is
related to sand particles.

Mechanical properties of the cement paste (Fig. 8), sand particles
(see [17]), and interface bonding the sand are fed to the lattice model.
These interface parameters were calibrated to the experimental results
of the unconfined compression strength at 28 d, as presented in Table 5.
In addition, the mechanical properties of the sand-cement paste inter-
face (see Table 5) were reduced for the ages of 57 d and 40 y based on the
referenced interface properties at 28 d by the same percentage differ-
ence as the cement strength result (Fig. 8). Furthermore, the simulation
on this scale resulted in a crack pattern and the stress-strain curve of the
mortars, as displayed in Figs. 9 and 10, respectively.

As expected, the more extended the duration of exposure to brine,
the more extensive the damaged zone, as shown in Fig. 9.

6.3. Scaling up from mortar-s to concrete scale

The concrete scale represents mortar-a4, containing the matrix
(mortar-s), aggregates smaller than 4 mm, and an interface layer
bonding the aggregates and the matrix. A small concrete cube (10 x 10
x 10 mm?) was chosen to ensure practical simulation time and accu-
rateness of the outcomes. In addition, this piece was cut from the middle
zone of the original cylindrical specimens with diameters and heights of
37 and 60 mm, respectively, (see Fig. 10). The selected resolution was 1
mm/voxel [17], and the Anm model was applied to evaluate the
geometrical structure of the concrete scale [20]. The Anm model input
parameters included the unit cell size of this scale, as mentioned above,
the sieve analysis properties of the aggregate (presented in Table 3), a
mass of 1.1795 g, and a density of 2,650 kg/m° related to the aggregate

particles.

6.4. Estimation of unconfined compressive strength of concrete at 40
years

Simulations were performed on the mortar-a4 scale to calibrate
mechanical interface layer properties at 28 d, validate compressive
strength at 57 d, and analyze unconfined compressive wall strength after
40 years. It should be noted that these calibrations were corrected for the
size effect caused by performing this simulation on smaller specimens
cut out from the original cylindrical specimens. The impact of maximum
aggregate size was also correlated to the cut-of size, with the maximum
aggregate limited to 4 mm instead of 32 mm as used in the field.

For the mortar scale simulation, the mechanical properties of the
matrix were estimated from the stress—strain curve (Fig. 10) as an input.
The aggregate mechanical properties are presented in Section 3, and the
mechanical interface properties are listed in Table 5. The simulation
type, damage zone of the concrete scale, and experimental damage zone
are presented in Fig. 11.

The calibration was accomplished by changing the interface
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Fig. 9. Uniaxial tension analysis of the mortar-s scale (cement paste in blue; sand particles in red; interface layer in yellow; and damaged elements in black), and

damage patterns from 28 d to 40 years (from left to right).
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Fig. 10. Mortar-s stress-strain curve.

mechanical properties and performing a numerical simulation until a
good fit was obtained between the mortar-a4 numerical results and
experimental results at 28 d. The validation was achieved by comparing
the numerical results with the experimental results at 57 and 120 d using
the reduced aggregate-cement paste interface results, as explained in
Section 5.2. The strength at 40 years was predicted using the reduced
interface results, as explained in Section 5.2 (see Fig. 8). The stress—
strain curves for these simulations are shown in Fig. 12.

Fig. 12 presents the calibration and validation results. The approxi-
mation errors between the numerical simulations and the experimental
results were 3.25% and 8.68% for 57 and 120 d, respectively; thus, the
validation process demonstrated a remarkably good fit between the re-
sults. This well fit supports a reliable analysis of the unconfined
compression stress value. In addition, as can be seen in Fig. 12, the
simulation of the wall at 40 years is predicted to fail due to its 33-m self-
weight (0.5 MPa). However, it must be noted that this prediction was
unrealistic because of the effect of the ground pressure on the behavior
of concrete. In conclusion, the compression simulation with partial
confinement needs to be analyzed for the stability of the wall after 40
years, thus indicating the need for a partial confinement compressive
simulation test (Section 7).

The unconfined compressive simulations were compared with the
experiments described above (see Section 4 and Eq. (2) concerning the
material porosity using the “Fictitious” w/c ratio obtained from Eq. (3)).
We then expressed the compressive stress as a function of time to
represent the degradation of the material resulting from the micro-
structural changes, which in turn were caused by increasing the material
porosity via the “Fictitious” w/c ratio (shown in Fig. 13).

Fig. 13 reveals a good correlation between the simulation and Eq. (2)

10

with the “Fictitious” w/c ratio obtained from Eq. (3) and the experiments
performed at early ages. The main contribution of this research is the
expression of microstructural changes that cause an increase in material
porosity via the “Fictitious” w/c ratio. This approach is strongly based on
fundamental physical and mechanical principles, while Eq. (2) is well
accepted within the engineering community.

7. Confined simulation tests

A three-dimensional lattice damage model [17] was used to evaluate
the pore collapse properties of the cement paste at different exposure
durations (3, 28, 57, and 120 d) with equivalent water-to-cement ratios
of 1.35, 1.63, 1.69, and 1.96, respectively (Table 2). These specific
exposure durations of the cement paste were chosen so that the simu-
lations would be consistent with the duration of exposure of the concrete
specimens used to brine on the macroscopic scale during the uniaxial
unconfined compression experiments. The microstructures obtained
from Section 4.2, were used as inputs for the lattice model.

Simulations were performed on the cement paste scale according to
age and material porosity via the “Fictitious” w/c ratios, as mentioned
above, to evaluate the strength under full confinement. A uniaxial strain
test was also performed, in which the specimen was loaded under
compression in the longitudinal direction, while transverse expansion
was prevented. Allocating a longitudinal displacement, these uniaxial
strain simulations were performed, and the transverse expansion was
prevented by inhibiting all deformations and rotations on these surfaces
(see Fig. 14). On the faces that were loaded with an incremental
displacement, the nodes were constrained against rotation and
displacement perpendicular to the load direction. In addition, all nodes
were free to fail under tension or compression. The cement paste unit
cell size used was 100 x 100 x 100 pm>, while the lattice network
chosen for this simulation was quadrangular. Furthermore, the chosen
resolution was 1 pm/voxel, with a random parameter of 0.5. The me-
chanical properties of the cement paste used in the lattice simulation are
listed in Table 4.

The generated load-displacement diagram was subsequently con-
verted into a stress-strain diagram, as shown in Fig. 14, for the four
different simulations described above.

The initial peak point beyond which the slope changes, as shown in
Fig. 14, represents the initial yield compressive stresso.o. The simulation
on the cement paste scale was chosen to represent the failure criterion of
pore collapse because only this scale includes the porosity of the lattice
model. The unit cell of the cement scale was equivalent to the concrete
scale; therefore, the unit cell of the concrete scale could be replaced with
that of the cement scale because the failure of the concrete under
confined conditions would involve a physical collapse of the porous
material microstructure at its initial peak point. Under these conditions,
we expected an initial peak value caused by the breakage of the pore
walls and collapse of the pores, followed by hardening owing to the
closure of the pores. The failure criterion of the pore collapse was rep-
resented in the cement scale, while the compressive strength under
unconfined conditions was represented on the mortar-a4 scale, which
fitted the unconfined compression experiment test to represent the
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(Mortar-s) Damaged
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Fig. 11. Simulation of uniaxial compression test on mortar-a4 scale (mortar-s in blue; aggregate particles in red; interface layer in yellow; and damaged elements in
black), taken from its cut-off from the middle zone of the original cylindrical specimens (left), and experimental crack pattern at 28 d (right).
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validation using mortar-a4 scale calibration (blue line: numerical simulation at
28 d; dark blue circle: compressive experimental strength at 28 d; green line:
numerical simulation at 57 d; bright green circle: compressive experimental
strength at 57 d; purple line: numerical simulation at 120 d; bright purple
circle: compressive experimental strength at 120 d; red line: numerical simu-
lation at 40 years; and dashed orange line: failure limit owing to the gravitation
failure criterion of other parameters.

forces of the 33-m deep wall).

Fig. 13. Predicted compressive strength-time dependence of unconfined con-

crete exposed to brine at each unit-cell data point.

8. Partial confinement (ground pressure) — compressive
simulation tests

Next, simulations were performed on the cement paste scale under
partial confinement resulting from the ground pressure to establish that

11
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Fig. 14. Uniaxial fully confined strain tests on the cement paste scale for four different ages.

the wall was well-designed, as originally intended, for a service life of
more than 40 years. The microstructure obtained from the HYMOS-
TRUC3D model analyzed for 40 years was used as the input for the
subsequent triaxial lattice simulation. The unit cell was applied with the
boundary conditions, which corresponded to the loads actually applied
on it (self-weight — vertical and ground pressure — lateral). The unit cell
was loaded with displacements instead of loads, while the same ratio
was maintained, assuming a linear relationship. The lateral displace-
ment boundary conditions were imposed in the opposite direction to
that of the unit-cell expansion owing to the compression load and partly
prevented its expansion owing to ground pressure. In other words, this
simulation was performed by applying displacements to all the surfaces
of the specimen, with a constant ratio of 1.27 between the vertical and
lateral displacements. This ratio corresponded to the maximum amount
of vertical pressure owing to the self-weight of the 33-m wall (concrete
density x height of the wall), to the lateral ground pressure under 33 m
(ground density x height x ground coefficient), as shown in Fig. 15. On
these faces loaded with an incremental displacement, the nodes were
constrained against rotations and displacement, and all the nodes were
free to fail under tension or compression. The unit cell size of the cement
paste was 100 x 100 x 100 um?, the resolution was chosen to be 1 pm/
voxel, and the randomness was set to 0.5. Furthermore, the lattice
network chosen for this simulation was quadrangular. The stress—strain
curves obtained from the triaxial tests are shown in Fig. 15.

The yield compressive stress obtained from the partial confinement
compressive simulation was 3.8 MPa (see Fig. 15), whereas the

stress [MPa]

o
T

YeZko

L L L L
15 2

.
25 3
strain x10°[-]

Fig. 15. Stress-strain curve of the compressive simulation test under par-
tial confinement.

12

maximum pressure loaded onto the specimen as a function of the self-
weight of the 33-m wall was 0.5 MPa. Therefore, it can be concluded
that the longevity and durability intended for the wall’s life service of
40 years were well-planned.

9. Validation study for concrete with leaching effect

This section focuses on the validity of our approach in achieving
accurate porosity volume out of a cement specimen subjected to leach-
ing by comparing it to experimental results from the work of F. H.
Heukamp [30]. This experiment was designed to measure the porosity
volume, identified by the mass change between a saturated and oven-
dried asymptotically leached specimen of cement paste. Note that the
time to reach asymptotic leaching was calculated in the work [30] and
found to be 60 (d). The cement paste type used was Type I Portland
cement, and its mineralogical composition was 35%: C3S, 50-70%; C2S,
15-30%; C3A, 5-10%; and C4AF, 5-15%. The estimated compressive
strength of the leached cement paste was 3.2 MPa.

The work of [30] provided all of the data needed to estimate porosity
volume using the methodology proposed in the current work. First, Sec.
3.2 using Abrams’ law [26] for correlating compressive strength with
the w/c ratio was repeated, but this time constants A and B of Eq. (2)
were obtained by curve fitting to the Type I Portland cement, (the dia-
gram appears in [26]). Coefficients were determined as A = 146.5 and B
= 9.29219; at this point, the “Fictitious” w/c ratio defined for the
leached cement paste with a compressive strength of 3.2 MPa was 1.715.
Next, a simulation of the microstructure was performed for the leached
cement paste. While the input used for this simulation contained the
defined w/c and the specified mineralogical composition, the simulation
outcome also provided data related to porosity volume. In addition, the
results included experimental scatter and model uncertainties (see
Fig. 16).

The median observed between the experiment and simulation was
found to be 8.73%, with the largest error 16.56% and the smallest error
0.48%. Indeed, this fit is very good, indicating that our method provides
a sophisticated and straightforward solution for including the leaching
effect in the model.

10. Summary and conclusions

This study proposed a multiscale approach for evaluating the
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Fig. 16. Porosity volume as estimated experimentally and from simulation on the cement level, including method uncertainties.

strength of concrete under different confinement conditions and
extremely aggressive brine attack from (1) brine used as mixing water
during concrete manufacturing on site, and (2) the external brine of the
Dead Sea penetrating through the compacted but rather permeable
ground of the dike. Brine attacks lead to swelling, increased perme-
ability, loss of strength, expansion, and cracking.

The main contribution of this multiscale approach is its ability to
appropriately represent brine attacks through material porosity via the
“Fictitious” w/c ratio.

The first step of the process comprised calibration and validation
using unconfined simulation tests performed according to the experi-
mental results. Consequently, it was demonstrated that the models used
in this study, together with the upscaling method, can predict the
behavior of concrete based on a mix design. In addition, cracking from
the brine attack increased as the duration of exposure to this condition
was prolonged, as shown in this study on the cement paste scale. In
addition, uncertainties such as the scatter of the experimental results are
presented.

The current case study analyses showed that at 40 years of brine
attack, the wall owing to its self-weight would fail under unconfined
conditions. The wall is embedded in the ground. Thus, confined condi-
tions indeed exist on-site, leading to unrealistically low predicted
strength for the simulation of unconfined conditions, as shown in
(Fig. 12).

The process followed in this study comprised fully confined
compressive simulations performed to demonstrate the phenomenon of
confinement. These simulations were performed on a cement paste
scale, which is the only scale that contains the porosity properties. Under
fully confined conditions, we expected an initial peak value caused by
the breakage of the pore walls and collapse of the pores, followed by
hardening owing to the closure of the pores. Therefore, the failure cri-
terion of the pore collapse was represented in the cement scale (i.e.,
equivalent to the concrete scale), while the compressive strength under
unconfined conditions was represented on the concrete (mortar-a4)
scale.

The third step involved simulations of compression under partial
confinement owing to the ground pressure at 40 years of age. This set of
simulations was performed to analyze the wall strength under condi-
tions of ground confinement, which was appropriate for representing the
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mechanical circumstances of the wall. The purpose of this simulation
was to verify that the concrete was properly designed for the conditions
in which it was located. The analysis results yielded a compressive
strength that was significantly higher than the maximum pressure
loaded onto the specimen owing to the self-weight of the wall; thus, the
wall is predicted to remain stable under these conditions for a service life
of 40 years.

The fourth step, encompasses the effect of confinement, representing
the ground pressure, showed an extremely positive impact on wall sta-
bility, preventing failure due to material degradation caused by
aggressive environmental conditions.

In comparing our approach to quantifying the porosity volume ob-
tained from microsimulation on the cement paste scale when subjected
to the leaching effect to experimental results found in the literature, we
found a perfect fit between methods. Therefore, the suggested method
has proven to be an accurate tool for predicting the behavior of concrete
subjected to aggressive environmental conditions.
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