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ABSTRACT 

Concrete contains layers of complexity and considered as a heterogeneous material, 
thus assessing the concrete response through multiscale analysis, requires a 
development of up scaling approach.  Concrete being a composite material that contain 
more than two finely mixed constituents, results a complex modelling procedure. The 
multiscale approach is achieved by retrieving the macroscopic properties from the 
cement and mortar scales. The overarching goal of this paper is to apply the Lattice 
model developed in Delft in order to obtain the compression numerical parameters, 
required for the evaluation of the Lattice Discrete Particle Model (LDPM) Pore 
Collapse and Material Compaction parameters. This aim was successfully achieved in 
the Microlab/Section of Materials and Geosciences, under the co-workers of Prof. 
Klaas van Breugel, Prof. Erik Schlangen and Dr. Ye Guang. Towards this goal, the 
specific scientific objective of this paper is to formulate, calibrate, and validate multi-
scale models based on the homogenization of a recently developed discrete meso-scale 
model known as the Lattice Discrete Particle Model (LDPM). Furthermore, in this 
paper, a multiscale analysis procedure is proposed for modelling concrete structures, 
in which material properties at the macro scale are retrieved from the components and 
their geometrical distribution in the micro structure. In addition, we implemented the 
up-scaling method in order to analyses the stability, longevity, and durability of a 
concrete wall located at the Dead Sea. The models were calibrated and validated using 
experimental results and the results looks promising as microscopic calibrated 
parameters were able to predict accurate macroscopic results. 
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INTRODUCTION 

Predicting the behavior of concrete structures is increasingly difficult. Usually the 
mechanical behavior of concrete is macroscopically modeled via plastic constitutive 
relations [1-3]. These macroscopic models are characterized by the large number of 
parameters needed to be calibrated in order to analyze the complex behavior of the 
concrete at the different stages of loading and at the different damage modes. Using 
these macroscopic models is complicated due to the fact that the concrete has a variety 
of microstructures and actually has no distinctive microstructure. The concrete mix 
design has to meet new standards technology of high-performance solutions that 
includes: addition of fibers made up from different materials; aggregate-size 
distribution, shape and type; water to cement ratio etc. The use of multi-scale analysis 
evidently is the appropriate way to model the behavior of concrete structures by 
coupling between the concrete micro-structures and its macroscopic properties needed 
to analyze a structure [4-16]. There are researches that deals with the influence of 
multi-scale micro structure on concrete thus, enabling a description of the 
heterogeneous character of the cement paste and evaluation of its mechanical 
properties according to its hydration processes [17-21]. 

In this research we are evaluating, calibrating and validating the mechanical 
parameters of the LDPM [22, 23] based on the cement paste and mortar scales. In order 
to consider all the scales up to the LDPM model, it is necessary to develop a 
methodology to amalgamate the information generated from each of the cement paste, 
mortar, and concrete scales. The evaluation of the mechanical parameters for the 
LDPM is based on the cement paste and mortar scales. In order to consider all the 
scales up to the LDPM model, it is necessary to develop a methodology to amalgamate 
the information generated from each of the cement paste, mortar, and concrete scales. 
We propose that this can be achieved by defining parameters for input into the LDPM 
model that correctly describe each failure mode based on the lower levels. These will 
be implemented based on the following models: HYMOSTRUC [24, 25], lattice model 
[26] of the hydrated cement, and models for mortar (Anm [27] material and lattice [26] 
models). 

In addition, we implement this approach to analyze a concrete wall. This wall is 
embedded in the ground under the Dead Sea and exposed to aggressive environmental 
conditions. The wall stability is severely endangered due to the exposure to these 
conditions, therefore the durability of the wall’s service life, designed to last for a 
period of 40 years, needs to be simulated. The simulations for this purpose were up-
scaled up to the mortar-a4 scale. 

METHODOLOGY 

The upscaling methodological approach for evaluating the LDPM parameters was 
explained in detail in the previous articles [28, 29], while in this section we focused 
on predicting the compressive strength of the wall at the age of 40 years’ service life. 
This section explains simplistically step by step the following process, the first step 
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includes defining the equivalent w/c ratio that represent the effect of the sulfate attack 
on the wall, leading to loss of concrete strength. The second step includes variable 
microstructures, obtained from HYMOSTRUC3D simulation using the equivalent w/c 
ratio defined for different ages of the wall exposed to brine. Finally, the third step 
includes mechanical numerical simulations performed by the lattice model. 

The lattice model simulations performed on the cement paste scale has two purposes: 
1. To simulate compressive tests under completely confined uniaxial compression 
loads, in order to select the appropriate unit cell size that will include the Pore Collapse 
phenomenon under confined conditions and partially confined uniaxial compression 
loads equivalent to the ground pressure, to study the stability of the wall over a period 
of 40 years; 2. To simulate tension tests in order to upscale the mechanical properties 
as an input for the higher scale, mortar-s. Then using the mechanical properties of the 
cement paste as an input for simulating tension test on mortar-s scale, in order to obtain 
the mechanical properties of the concrete scale represented by the mortar-a4 scale. The 
last step was the unconfined compression simulation tests, that was performed on the 
concrete scale at three different ages of the wall exposed to brine: 28 d to calibrate 
mechanical interface properties; 57 d to validate the model by comparing the 
simulation results with the experimental results, and; 40 y to predict the stability and 
durability of the wall under unconfined conditions. It should be noted that these ages, 
were selected in order to be compatible with unconfined uniaxial compression 

 
Figure 1: Multiscale approach for concrete wall embedded in the ground under the Dead Sea. 
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experiments, conducted on specimens drilled from the wall. A flowchart describing 
the methodology is presented in Figure 1. 

Microstructure Modelling of the Cement Paste 

Input parameters 
In order to account the briny environmental conditions on the behavior of concrete, 
we defined an effective w/c ratio at certain time points representing different concrete 
ages. We developed a method that relates between the chemical reaction effected by 
the brine and the material degradation, by an increasing effective water-cement ratio 
w/c that represent the grow of the porosity and effect the loss of the material strength. 
For this purpose, we adopted the approach of [30] that defines the w/c from the 
concrete compressive strength, as presented in Equation 1. This approach is conceded 
as the most popular/accepted method to represent the strength of the concrete as a 
function of the w/c ratio  

(1)    𝜎  

where A and B are constants and ω is the effective w/c ratio. The constants were 
defined, by curve fitting between curve CEM 42.5 as appears in [30] and Equation 1. 
For example, for the presented simulation, the cement type is CEM 42.5, where 
A=125.4 and B=9.29.   

The proper effective w/c ratios needed for the simulations were achived by the 
experiments results of unconfined compressive strength performed at different 
concrete ages, as presented in Table 1. The compressive strength from the experiments 
was used in Equation (1), in order to obtain the effective w/c ratio (see Table 1): 

Table 1:  Strength, time and effective w/c data. 

σ (MPa) Time (day) w/c 

6.21 3 1.35 

3.28 28 1.63 

2.92 57 1.69 

1.6 120 1.96 

To evaluate the microstructure, the HYMOSTRUC3 model, was used. The simulations 
were performed on the material mix design, of a wall located at the Dead Sea, used as 
a case study. The microstructure specimen size of 100 μm × 100 µm × 100 µm, was 
selected and the effective w/c ratio from Table 1 was used for the simulations. 

For the analyses of the wall stably at 40 years (service life), the effective w/c ratio 
needs to be defined. This simulated analysis over a 40-year period was accomplished 
by using the microstructure at the age of 317 d, at which point the cement products 
have reached approximately 99% of their hydration. The effective w/c ratio for the 40 
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y was evaluated using the following logarithmic Equation (2), based on the experiment 
data from Table 1 and demonstrated at Figure 2. 

 (2)  𝑤 𝑐⁄ 0.1507 ∙ 𝑙𝑛 𝑡𝑖𝑚𝑒 𝑑 1.1571 

The effective w/c ratio at 40-year was found to be 2.6.  

 
Figure 2: Effective w/c ratio at 40 y 

 
Figure 3: Microstructure results 
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OUTPUT RESULTS 

The microstructures at ages of 3 d, 28 d, 120 d and 40 y are presented in Figure 3. 

CONCLUSION 

The essential part of this study was an expression of microstructural changes resulting 
in the increase of the material porosity via the "effective w/c ratio", that represent the 
degradation of the material due to the brine attack. The stability of the wall is 
endangered, as a result of continuous material erosion. Thus, a case study of the wall’s 
strength under brine attack was performed. The briny environment, conditions were 
taken into account in our proposed approach by determining an equivalent w/c ratio 
for different porosities corresponding to the duration exposer to brine. In addition, the 
confinement conditions, due to the ground presser was considered.  
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