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ABSTRACT

This paper presents a comparison between experimental and numerical analysis of concrete
block prisms under compressive loads. The main goal of the study is to compare damage
obtained using a numerical non-local damage model specially developed for quasi-brittle
materials with the cracks observed in an experimental program. First, blocks and mortar
specimens are submitted to compression and direct tension tests in order to identify their damage
parameters. Then, prisms are also tested to evaluate their behavior. All the tests are carried out
with displacement control to obtain the complete load-displacement diagram for the specimens:
the initial linear behavior, the failure load and the post-peak softening branch. After the
experimental program, numerical models are developed, using eight-node ‘brick’ finite elements
with secant stiffness matrix. An increasing displacement is applied to the model to simulate the
tests. Finally, the cracks and failure mode obtained experimentally are compared with a scalar
measure of the damage obtained with the numerical models. Obtained results show that the non-
local damage model considered in this paper is able to predict the cracks and even the failure
mode of the prisms observed in the experiments.
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INTRODUCTION

A peculiarity of hollow concrete block masonry is that its failure mechanism is completely
different from classical solid masonry [1]. Failure starts by web cracking in the plane of the wall,
in a mechanism similar to deep beam bending. This means that results and models established for
solid masonry cannot be simply extended to hollow block masonry. In light of these remarks, it
is clear that the availability of reliable theoretical models and empirical formulae is a key issue in
the prediction of the global behaviour of structures made of hollow concrete block masonry.

The behaviour of structural elements made of quasi-brittle materials, such as concrete or
masonry, beyond the linear elastic range can be described using damage mechanics. Damage
consists basically in the formation, growth and coalescence of micro-cracks, which can lead a
structural member to failure, and is matched by a loss of stiffness and strength.

Perhaps the first author who formulated the concept of damage as it is currently known was
Kachanov [2], with reference to creep-induced damage in metals. Another important contribution
can be ascribed to Rabotnov [3], who proposed a damage variable that could be used to reduce



the initial stiffness and strength of the material. Recently, after the formalization of the so-called
Continuum Damage Mechanics [4], the development of this research field was quick and varied.

In this work, a numerical model is proposed to simulate and interpret the mechanical response of
hollow concrete block masonry prisms submitted to compression tests in the laboratory. The
nonlinear behaviour of concrete and mortar is described through a damage model capable of
allowing for the damage-induced anisotropy of the materials. Mesh-dependency effects are
controlled using non-local strain measures.

MATERIAL CHARACTERIZATION

The characterization of the materials used in this work was accomplished at the Department of
Structural Engineering of University of Sao Paulo (USP). The tests were carried out both on
masonry components, blocks and mortar specimens, and on two-block prisms built with the same
components. The hollow concrete blocks had a nominal strength of 8 MPa and the dimensions
were 140 x 190 x 390 mm (thickness x height x length), Figure la. The cylindrical mortar
specimens had a radius of 50 mm and a height of 100 mm, Figure 1b. The mortar mix
proportions, in volume, were 1:0.5:4.5 (Type ii of BS 5628 1992).
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| Figure 1: Concrete blocks (a) and mortar specimens (b)

All the axial compression tests on components and prisms were performed with the aim of
obtaining the complete force-displacement curve for the specimens, that is, the behavior of the
specimens from the initial loading stage until complete failure. Therefore, a hydraulic servo-
controlled press under displacement control at 1 um/s was used. Despite the fact that the press
had an internal displacement control, four additional devices for displacement measurement
(LVDTs) were also used in all the tests, see Figure 2.

Figure 2: Axial compression tests a) Block; b) Mortar specimen; c) Prism



In order to characterize the units under compression, six concrete blocks were tested. From the
obtained load-displacement diagrams it was possible to define a representative (average)
behavior for the units. Figure 3 displays all of the experimental results obtained and the
representative block diagram that will be adopted in the numerical analysis of the prism, as
described in details in a following section.
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Figure 3: Load-displacement diagrams for blocks with nominal strength of 8 MPa and
adopted representative diagram.

As for the tension parameters, a direct tension test was carried out on 20 specimens. The
specimen’s preparation is shown in Figure 4. The Figure 5 shows the obtained result for the tests
and the average diagram which was taken as the representative behavior of the block under
tension. This will be used for the numerical prism models, as can be observed in details in a
following section.

Figure 4: Direct tension — specimens
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Figure 5: Direct tension test — results and average diagram

DAMAGE MODEL

The model employed in this research was originally developed in [5] to interpret the time
evolution of the mechanical damage in quasi-brittle materials, such as concrete and masonry,
under either increasing or sustained stresses of high intensity. This model applies to materials
which can be assumed to be linearly elastic and isotropic at the virgin (undamaged) state: the
Young’s modulus and the Poisson’s ratio of the material are denoted by E and v, respectively.
The damage phenomena are macroscopically taken into account through a symmetric, second-
order tensor D. Under increasing loads, provided that creep effects can be neglected, the
nonlinear stress-strain law of the material, in finite form, reads:

e=C(D).oc (D

where C is the fourth-order flexibility tensor of the damaged material. The eigenvalues and the
normalized eigenvectors of the damage tensor will be denoted by D, and n, (a = I, I, 1lI),
respectively. Note that the damaged material is, in the most general case, orthotropic: n;, n; and
M are normal to the local planes of material symmetry of the damaged material. Any one of the
planes of damage-induced orthotropy is somehow associated to a plane micro-crack that forms in
the solid. Once any damage direction is activated, its orientation is supposed to remain fixed
throughout the rest of the stress history. Thus, the ensuing model can be qualified as a “non-
rotating, smeared crack model”.

The damage process driving variable is supposed to be an equivalent strain measure, y = % €. As
the maximum eigenvalue of y attains a critical value (yor or yoc, according to the sign of the
associated strain), the first damage direction () is activated. An additional damage direction, Ny,
can be activated in the plane orthogonal to n; if the maximum direct component of y, that is, yn
= Nyp-(y-Np), with n" L ny, attains the damage threshold. The third possible damage direction is
necessarily N = N A Ny In the case of increasing stresses, each principal value of the damage
tensor is supposed to evolve according to:
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Here, (*) are McAuley brackets and Ay and By are material parameters, which take different
values according to the sign of the strain component that activates damage (H=T for tension;
H=C for compression).

In local damage procedures the consistent damaged tangent or secant matrix is evaluated
considering the local strain state. However, in most problems where strain-softening materials
are involved, this procedure leads to spurious results and strong mesh sensitivity [6]. Typically,
the inelastic strains are concentrated in narrow bands, whereas the major part of the structure
remains nearly unstrained. To overcome this drawback, different techniques can be used. In the
so-called integral-type models a non-local state variable is computed at any point in the solid as a
weighted average of the local state variable over a neighbourhood, or representative volume, of
the point being examined [7],[8]. The size of such volume is related to a characteristic length of
the material, ..

In this paper, similarly to [9], the non-local procedure implemented in the finite element code is
based on an integral-type procedure, involving a weighted average of the strain. This procedure
was selected as it can be easily implemented in a finite element code. So, the average strain at
any point X, which replaces the local strain in the governing equations, is defined as:

L f(x - x,)e(x,)dV
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where &Xs) is the strain at any source point Xs, f(X-Xs) is a scalar weighting function, and V is the
volume of the representative neighbourhood.

Several expressions have been proposed for the weighting function f, which is often assumed to
be of the form:
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where l; is the internal length of the non-local continuum, a material property which represents
the diameter of a sphere centred at the current point X and defines the size of the localization
zone. l; can be related to the fracture energy of the material [10].
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Basically there are two procedures to verify the event of strain localization in the analysis. First,
the load-displacement diagram presents a clear discontinuity just after the peak load. Second, the
number of iterations increases suddenly for the load step just after the peak load and sometimes it
is not even possible to attain any convergence in the procedure. On the other hand, if no strain



localization occurs, the load-displacement diagram does not exhibit any discontinuity and there
is no significant difference between the numbers of iterations at the various steps of the analysis.

It is worth emphasizing that the non-local strains are used only to evaluate the flexibility matrix.
Stresses are computed according to local strains, as they must be compatible with the real
displacement field; otherwise, convergence would not be achieved or, at least, would be hard to
obtain. Finally, note that local strains are replaced by average strains only if the material is
actually damaged: performing this replacement as long as the material is in the elastic range
could incorrectly affect the results of the analysis.

DAMAGE PARAMETERS

Initially, finite element meshes were defined for the concrete blocks and the mortar specimens,
Figure 6. The lower base of the models was fully restrained; at the top of the models, the
displacements that simulated the test loading scheme were applied along the vertical (Z) axis,
whereas the horizontal displacements (along X and Y) were restrained to match the test
conditions. Four-node tetrahedral finite elements were adopted for the mesh of the mortar
specimens, whereas eight-node hexahedra were used for the block mesh, which requires a more
defined description of the stress field. The number of elements was 663 and 1608, respectively,
for the mortar specimen and for the concrete block.
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Figure 6: Finite element meshes: a) Mortar specimen; b) Block

The Young’s modulus (E) and the Poisson coefficient (v) were given the values identified during
the experimental program for each component. The parameters A;, B; and Yy, that define the
damage model in compression, see equation (2), were evaluated so that the representative load-
displacement diagram experimentally obtained for each component, concrete block or mortar,
would be closely matched by the numerical diagram for that component, Figure 7a and 7b. As
for the parameters A;, B; and Yo that define the behaviour of the materials in tension, the tests
allowed only to evaluate the value for the blocks, Figure 7c. The values of the damage
parameters for mortar in tension were assumed to coincide with those evaluated in compression.
Indeed, as stresses in the mortar joint are mainly compressive due to the confinement of the
material, the tensile behaviour of mortar is likely to play a negligible role, and the values given
to A, Bt do not affect the numerical results significantly.

After assessing the local damage parameters it was possible to evaluate the spatial neighborhood
radius (l¢) for the non-local damage model. In this paper this radius was considered as the
smallest value for which the numeral procedure does not exhibit any strain localization. Table 1



summarizes the values of the damage parameters used to build the two-block prism model.

_14 -1000 -

—Experimental -800 - —Experimental 2.0 -

—=Numerical —=—Numerical

— = -600 =15

8 4 &
£ S =)
< 6 B 400 - 2 1.0 -
E 3 g —Experimental

4 - 7] .

200 - 05 —=—Numerical
2 -
0 T T 0 T T ] 0.0 T T
0.0 -0.4 -0.8 -1.2 -1.6 -2.0 0.0 -0.4 -0.8 -1.2 -1.6 -2.0 0 1 2 3 4 5 6

Displacement (mm) Displacement (mm) Strain (x10%)

Figure 7: Damage Parameters - Compression: a) Mortar; b) Block — Tension: ¢) Block

Table 1: Damage Parameters

Component E v Yoe A, B, Vot A, B, I; (mm)
(MPa)
Block 12800 0.20 1.0E+10 5.0E+08 1.7 1.0E+10 5.0E+08 1.2 150
Mortar 4790 0.20 1.0E+10 3.0E+05 1.0 1.0E+10 3.0E+05 1.0 50

NUMERICAL RESULTS FOR THE PRISM

The assembled mesh for the two-block prisms consists of 3484 eight-node hexahedral finite
elements and is shown in Figure 8a. The parameters listed in Table 1 for the block and the mortar
were used to model the prism. Similarly to the mortar specimen and the block models, the
displacements along the axes X, Y and Z, were restrained both at the top and at the bottom of the

meshes; the displacements that simulated the test loading scheme were applied along Z at the top
of the model.
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Figure 8: Prlsm model a) Mesh; b) Load/displacement diagram

A comparison between the experimental and numerical results is presented in Figure 8b and
Table 2. It is possible to see that that the experimental and numerical results are quite close as far
as the maximum load is concerned. As for the displacement at the peak load, the numerical value
underestimates the experimental one, indicating that the numerical model was stiffer than the
tested specimen. This can be due to the fact that the in-situ mechanical properties of the joint can



significantly differ from those obtained in the tests on the mortar specimens [11]. However, for
the purpose of this work the numerical model can be considered adequately accurate.

Table 2: Maximum load and corresponding displacements for the prism
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Figure 9: Trace of the damage a) step 1; b) step 2;
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Figure 9 and Figure 10 show contours of the damage variables at different steps of the analysis.

Red refers to higher values of damage, and blue to lower values.
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Figure 10: Trace of the damage a) step 4; b) step 7; c) step 10



Figures 9 shows the evolution of the trace of the damage tensor from step 1 to 3 (trD =
D;1+D,;+D33). Step 3 corresponds to the peak load (see Figure 8b) and gives the damage values
when the prism is about to fail. Figure 10 shows the trace of the damage from step 4 to 10, steps
after the peak load. Step 10 is the last step of the numerical analysis, corresponding to a
displacement of 3 mm.

Finally, Figure 11 shows contours of the individual damage components D;;, Dy, and D33 at the
last step of the analysis, step 10. The reference frame is shown at the upper right corner of the
figure.
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Figure 11: Damage at step no. 10 a) direction 1; b) direction 2; c) direction 3

PRISM FAILURE MODE AND COMPARISON WITH NUMERICAL RESULTS

Figure 12 shows the failure mode of the prism. The crack pattern observed in the experiment is
in good agreement with that predicted by the numerical model. Indeed, according to Figures 9
and 10 where the damage evolution is shown, damage localizes mainly in the blocks at the two
sides of the joint, conforming with the widespread cracking in these regions shown in Figure 12.
Also, the spalling of concrete at the outer surfaces of the blocks is matched by the zones where
D, and D, take higher values (see Figure 11). Note that damage develops also in the mortar
joint (Figure 10c): in this case it consists in compressive damage along the vertical direction,
which should be matched by crushing of the joints. It is not apparent from Figure 12 if crushing
has actually occurred in the test: this point should be furtherly investigated.

CONCLUSIONS

The proposed numerical model was able to capture the main features of the mechanical
behaviour of a concrete block masonry prism under compression with fair accuracy. Whereas the
deformability of the prism is underestimated by the numerical predictions, the results of the
proposed finite element model agree with the experimental findings in terms of peak load (i.e., of
bearing capacity of the prism) and damage evolution, as the final crack pattern is matched by the
regions where damage attains higher values.



Figure 12: Failure mode of the prism

The availability of reliable numerical models to predict the global mechanical properties of
masonry elements is of paramount importance, as time-consuming and expensive experimental
tests can be avoided upon calibration of the model. In this work attention has been focused on the
finite element modeling of a single prism, as current standards allow the carrying capacity of a
block masonry wall to be predicted according to the results on prisms. Note, however, that stack
bonded prisms do not represent the actual behaviour of walls in running bond: typically, they
overestimate the actual allowable stress [12]. Thus, in the continuation of this research it would
be worthwhile to numerically investigate the behavior of complex elements, which would be
difficult to characterize experimentally, with the aim of correlating their mechanical response
with that obtained from prisms made of hollow concrete blocks.
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