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Abstract:

Objective: This research aims to evaluate the effect of Guadua angustifolia Kunth strip reinforcement on the mechanical
behavior of adobe wallettes subjected to compression and diagonal tension. Materials and Methods: Experimental tests on
unreinforced and reinforced adobe wallettes were complemented with numerical simulations using the finite element method
(FEM) and the microplane damage model, chosen for its ability to capture nonlinear tensile and compressive responses in quasi-
brittle materials. Results and Discussion: The analyses showed that all reinforcement configurations improved the mechanical
performance of adobe wallettes compared to unreinforced ones, with differences depending on strip inclination. Conclusion:
Among the evaluated configurations, the vertical 90° arrangement proved the most effective, combining improved strength and
stiffness with greater constructability.

Keywords: Adobe, Guadua Strips, Failure Mechanism, Finite Element Method (FEM).

Resumen:

Objetivo: Esta investigacién tiene como propdsito evaluar el efecto del refuerzo con tiras de Guadua angustifolia Kunth en el
comportamiento mecdnico de muretes de adobe sometidos a compresién y tension diagonal. Materiales y métodos: Se realizaron
ensayos experimentales en muretes de adobe sin refuerzo y con refuerzo, complementados con simulaciones numéricas mediante
el método de elementos finitos (MEF) y el modelo de dafio de microplano, seleccionado por su capacidad de representar
respuestas no lineales a traccién y compresién en materiales cuasifragiles. Resultados y discusion: Los andlisis mostraron
que todas las configuraciones de refuerzo mejoraron el desempefio mecdnico de los muretes respecto a los no reforzados, con
variaciones segun la inclinacién de las tiras. Conclusidn: Entre las configuraciones evaluadas, la disposicién vertical a 90° resultd
la mds efectiva, al combinar mayor resistencia y rigidez con facilidad constructiva.

Palabras clave: Adobe, Tiras de Guadua, Mecanismo de Falla, Método de Elementos Finitos (FEM).

Introduction

Adobe is a material composed of compressed soil, water, and either natural or artificial fibers [1]. It has
been employed since prehistoric times in the construction of enduring structures, some of which still stand
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currently [2]. Its abundance and low cost make it a viable material for housing construction, particularly
in rural areas where adobe buildings offer significant environmental benefits [3], [4]. However, adobe
buildings have low mechanical resistance to seismic events and, because of that, require reinforcement
through various techniques [5], (6], [7]. Guadua angustifolia Kunth (Guadua), known for its low density,
moisture absorption, and high tensile strength, is a lightweight, accessible, and cost-effective material that
shows strong potential as reinforcement in construction, aligning with the growing interest in renewable
resources for sustainable development [8].

Research on adobe primarily involves its mechanical characterization, conducted through a range of
experimental tests that measure attributes such as the elastic modulus, compressive strength, and maximum
tension [9], [10], [11]. However, since adobe is essentially composed of soil, its properties heavily depend
on the soil characteristics at the extraction site, leading to a broad range of values, which complicates precise
comparisons between different types of adobe [12]. Regarding reinforcement, studies have analyzed the use of
fibers from synthetic or natural materials to enhance their mechanical performance since the material’s initial
elaboration phase [13], [14], [15], [16]. Nonetheless, there is sparse research about retrofitting earth-built
houses [17], [18], [19]. using sustainable materials such as Guadua, despite its widespread use in Colombian
earth structures [20].

Experimental data and numerical simulations allowed understanding the interaction between adobe and
Guadua strips as potential reinforcement for retrofitting such structures [21]. The research included finite
element analysis to characterize adobe as a constituent material and to evaluate the mechanical behavior of
adobe blocks subjected to compression and diagonal tension [22], [23]. Drawing on the microplane model
[24], the study explored failure mechanisms and evaluated various angular configurations of Guadua strips
to determine their optimal arrangement as structural reinforcement in adobe constructions.

Methodology

This section describes the methodology used to perform numerical simulations, grounded in experimental
laboratory results to ensure a realistic representation of adobe structures. The process began with the
simulation of an adobe unit (adobe block) 350 mm in length, 170 mm wide, and 100 mm in thickness, which
serves as the basic component of the wallettes. Accurate modeling of contacts and boundary conditions was
prioritized, including the implementation of steel plates to replicate laboratory constraints.

Based on the results of a sensitivity analysis, a mesh element size of 15 mm was adopted for all simulations.
The initial calibration established the linear elastic properties, including Young’s modulus (E) and Poisson’s
ratio (v). For the nonlinear range, the constitutive model described in the following section was employed,
accurately replicating the mechanical behavior observed in experimental tests.

Plasticity-damage microplane model

Finite element methods are valuable tools for characterizing and analyzing the mechanical behavior of
various materials. Within a broad spectrum of finite element strategies, nonlinear analysis plays a pivotal
role, particularly in implementing damage and plasticity models. These methodologies provide a deeper
understanding of material failure under different loading conditions and cycles. Numerous elastoplastic
damage models have been developed [25], [26], [27], [28], [29], [30]. and the implementation in finite
element programs has been widely studied [31], [32], [33].

To carry out the failure analysis on the adobe unit and wallettes, the microplane plasticity—damage model
reported in [24]. was employed. This model defines stress—strain relations on multiple oriented planes—
known as microplanes—allowing the simulation of directional cracking, frictional slip, and compression
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splitting, which are characteristic of quasi-brittle materials like adobe [23], [24]. The model was selected
over other plastic-damage formulations due to its ability to independently represent tensile and compressive
responses and to handle complex nonlinear behavior under cyclic or combined loading conditions [34].

Additionally, the model includes a separation of damage mechanisms in tension and compression, allowing
for more accurate stress redistribution during cracking. It also incorporates implicit gradient enrichment
to mitigate numerical instability and mesh sensitivity. Implemented in the ANSYS 2022 R1 finite element
software, this model has been validated in applications involving heterogeneous granular materials like
concrete and is applied here to adobe.

To analyze the adobe units with the microplane plasticity—damage model, the parameters presented in
Table 1 were defined, including Young’s modulus (E) and Poisson’s ratio (v), which were directly calculated
from laboratory results. Other parameters, such as compressive strength (f;, fy,), tension strength (f;), and non-
local parameters (R, D, oy, Re, Yo Yo o Be), were derived through model calibration based on experimental
data.

TABLE1
General parameters of the microplane model used for both adobe units and mortar

Parameter Description

Young's modulus [MPa]

% Poisson's ratio [-]

fe Uniaxial compressive strength [MPa]

fo Biaxial compressive strength [MPa]

fi Tensile strength [MPa]

R« Tension cap hardening constant [-]

D Compressive hardening constant [MPa?]
Ccv Intersection between compression and yield limits [MPa]
R Compression cap ratio constant [-]

Yt Tensile damage threshold [-]

Ye Compressive damage threshold [-]

Bt Tension damage evolution [-]

Be Compression damage evolution [-]

Source: Authors own creation.

The experimental results were obtained from three laboratory tests conducted on real adobe blocks,
collectively referred to as the Block Compression Test (BCT). Each test, labeled asBCT1,BCT2,and BCT3,
produced load versus displacement curves. Since the tests involve compression, the material experiences
a reduction in length along the loading axis, resulting in a negative displacement commonly referred to
as shortening. Accordingly, Figure 1, along with subsequent figures for other tests, presents load versus
shortening graphs. From these experimental results, an average curve (BCT) was derived to represent
the overall behavior of the material under compression. This curve was then used to calibrate the model,
resulting in the numerical curve labeled BCS (Block Compression Simulation), which accurately replicates
the mechanical behavior observed during the laboratory tests.
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FIGURE 1

Compression adobe block model

Source: Authors own creation.

Following the calibration of the adobe block model, the adobe wallette model was developed. It consists
of five rows of one-and-a-half blocks, joined by a soil-based paste; hereafter referred to as mortar. This mortar
is a non-cementitious mixture of clay, sand, and natural fibers, applied to the contact surfaces of the blocks.
The soil used in the paste is classified as A-6 clayey soil with a group index of 0 (AASHTO classification)
and as CL, indicating low-compressibility clay, in the Unified Soil Classification System (USCS), with an
initial absorption rate of 0.0024 g/cm*/min [21]. As an alternative to cement, this paste bonds the blocks
and enhances structural resistance, as will be discussed further.

Using a similar methodology to the block model, meshing, contact conditions, and other critical aspects
were carefully defined to ensure the accurate performance of the wallette model. Simulations of compression
and diagonal tension tests were conducted, utilizing calibration derived from experimental data. As with
the adobe block simulation, linear and nonlinear parameters, as shown in Table 1, were set to calibrate the
tests. The compressive strength parameters (f;, fi,) were established through numerical calibration of the
experimental compression wallette tests, while the tension strength parameter (ft) was determined from the
results of diagonal tension. Lastly, the non-local parameters, such as (R, D, oy, Re, 76 Yo Bo Be), can’t be
regarded as singular to the material as they fluctuate depending on the type of test conducted on the materials.
The overall procedure for defining and calibrating material properties is summarized in Figure 2.
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FIGURE 2

Flowchart of the procedure for assigning material properties and calibrating the numerical model
Source: Authors own creation.

Compression test simulation

Based on the load-displacement graphs obtained in the compression test of five unreinforced wallettes
(UWCT), polynomial functions of the mechanical behavior of each one were defined to generate an average
curve used for calibrating the numerical model. From these experimental tests, the behavior within the linear
range was ascertained via numerical simulation, resulting in the derivation of elasticity and Poisson’s ratio.
Afterwards, the microplane model was employed to define the wallette’s behavior within the nonlinear range.
Following the calibration of the model pertaining to the non-reinforced wallette under compression, a similar
procedure was applied with the experimental data of three tests on wallettes with vertically oriented Guadua
strips reinforcement. The mean curve was defined, and the model shown in Figure 3 was developed.
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FIGURE 3

Reinforced adobe wallette model for compression testing
Source: Authors own creation.

In the elastic range, the modulus of elasticity and Poisson’s ratio were determined for adobe blocks, mortar,
and Guadua strips. After calibrating the model of the compression wallette reinforced with vertical Guadua
strips, variations were made in the orientation of these strips, changing their inclination concerning the
horizontal plane to establish the influence of the inclination of the strip on the mechanical behavior of the
wallette; the different inclinations are shown in Figure 4.

90°

FIGURE 4

Models4of reinforced wallettes with different inclinations of Guadua strips for compression testing
Source: Authors own creation.

Diagonal tension test simulation

The diagonal tension test serves to determine the masonry shear strength and stiffness, subjecting these
specimens to a compressive load along their diagonals as shown in Figure 5. This load generates tension
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stresses perpendicular to the direction of the load. The type of failure that occurs in the specimen varies
according to the composition of the materials.

Materials
[ Steel plate
[ 1 Adobe blocks
1 Guadua strips
[ Mortar

FIGURE 5

Reinforced adobe wallette model for diagonal tension testing
Source: Authors own creation.

Experimentally, the results of three tests of wallettes without reinforcement were compiled. From these,
load and displacement (shortening) curves were extracted. These were approximated through polynomial
functions and averaged to obtain a reference curve (UWDTT, Unreinforced wallette diagonal tension test),
as can be shown in Figure 6.
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FIGURE 6

Unreinforced wallette diagonal tension

Source: Authors own creation.

As with the compression wallette, the analysis was initially conducted within the linear elastic range. To
define the elastic behavior of the wall model, the modulus of elasticity (E) and Poisson’s ratio (v) were first
determined individually for both the adobe units and the mortar. These values were obtained from the initial
(linear) portion of the stress—strain curves derived from compression tests performed on each component
separately. Once calibrated, the values were assigned to their corresponding domains in the finite element
wallette model to ensure an accurate representation of each material’s contribution to the global response.

Subsequently, the microplane model was applied to define the behavior of the wallette in the nonlinear
range. After having calibrated the model of the unreinforced wallette, simulations were carried out with non-
linear calibrated parameters for different grades of Guadua strip inclination. Models with the inclinations
presented in Figure 7 were used.

v v v/

0° 30° 45°

90° 135° 150°

/ / /
FIGURE 7

Models of reinforced wallettes with different inclinations of Guadua strips under diagonal tension
Source: Authors own creation.
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Results

Compression test simulation

The contact between the mortar and the adobe units was modeled as bonded, meaning the surfaces behave
as permanently fused with no penetration, separation, or sliding. In contrast, the contact between the steel
plates and the wallette was defined as rough, which prevents penetration and sliding by locking the surfaces
together upon contact, while still allowing separation.

To analyze the mechanical behavior of the wallette, simulations were conducted using four different mesh
sizes. Although all materials were assumed to behave linearly in the initial portion of the response, the coarser
meshes produced noticeable variations in stiffness. This is attributed to their reduced ability to capture
localized deformations at contact zones, which affects the accuracy of the elastic response. As shown in Figure
8, the selected 15 mm mesh offered a consistent and reliable representation.
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FIGURE 8

Sensitivity analysis of compression wallette without reinforcement

Source: Authors own creation.

Based on these results, a 15 mm mesh size was selected for subsequent simulations. Although a 10 mm
mesh was also tested, it yielded only minor differences in the global response compared to the 15 mm mesh,
while significantly increasing the computational cost. Therefore, the 15 mm mesh was considered an optimal
compromise between accuracy and efliciency. In this configuration, the material properties were defined with
a modulus of elasticity of 20 MPa for the adobe units and 8.3 MPa for the mortar in the linear elastic range.
For the plastic range, the material response was calibrated using the microplane model, with parameters

detailed in Table 2.
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TABLE 2

Microplane model parameters in the compression model of the unreinforced wallette

Parameter Adobe Mortar
20 MPa 8.3 MPa

% 0.15 0.15

fe 0.83 MPa 0.55 MPa

fo 0.91 MPa 0.62 MPa

D 100 MPa2 1 MPa?

Gev -32 MPa -1 MPa

Rc 2 2

Yt 3.5E-04 5.5E-06

c 3E-05 1E-05

Bt 10 200 11 000

Be 9300 9000

Source: Authors own creation.

By comparing the load-displacement graphs obtained from the numerical model (UWCS, Unreinforced
wallette compression simulation) with the averaged experimental data (UWCT, Unreinforced wallette
compression test), illustrated in Figure 9, the maximum simulated and experimental stresses were determined.
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Shortening (mm)

FIGURE 9

Adobe wallette model under compression
Source: Authors own creation.

In Figure 10, the stresses in the corners of the wallette exhibit minimum values of 0.6 MPa. When
compared with the experimental results, it is evident that failure typically begins in these locations. This
observation is corroborated by the laboratory test results shown in Figure 11, where the failure patterns align
with the stress concentrations identified in the simulations.
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Type: Minimum Principal Stress
Unit: MPa
-0.2
-0.255
-0.31
-0.365
-0.42
-0.475
-0.53
-0.585
-0.641

HH HH H B , X
-0.696 0.00 - 300,00 (mm) I;. L;. } [T.

FIGURE 10

Minimum principal stress of the wallette and the mortar under the compression test
Source: Authors own creation.

FIGURE 11

Failure of the masonry wallette under the compression test
Source: Forero, 2022. [21]

With the model calibration, the mechanical behavior of the wallette reinforced with Guadua strips
was established. Bonded contact type was established both between the Guadua strips themselves and
between these strips and the wallette’s mortar, reflecting the bond developed during the construction process.
Similarly, as there was no direct interaction between the adobe units and the Guadua, a frictionless contact
type was determined.

In the analysis of the linear elastic range, the modulus of elasticity was determined to be 12.5 MPa
for the adobe units, 4.5 MPa for the mortar, and 900 MPa for the Guadua strips. These values were
derived from stress-strain curves obtained from compression tests for the adobe and mortar, and tensile
tests for the Guadua strips. Poisson’s ratio for all materials was consistently set at 0.15, a typical value for
such materials, as variations in this parameter have a negligible effect on the simulation results.

After confirming the similarity between the developed model (RWCS, Reinforced wallette compression
simulation) and the average behavior of the tested wallettes (RWCT, Reinforced wallette compression test)
as illustrated in Figure 12, the model validation was conducted.
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FIGURE 12

Elastic behavior under the compression test of the wallette reinforced vertically with Guadua strips

Source: Authors own creation.

Subsequently, various inclinations of Guadua strips were proposed for reinforcement. Leveraging the
symmetry of the wallette structure, the reinforcement angle was analyzed in 15° increments, ranging from
0° (horizontal configuration) to 90° (vertical configuration), as shown in Figure 4. The analysis revealed that
the most effective reinforcement for the wallettes under compression load was achieved at an angle of 90°,
as depicted in Figure 13.
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FIGURE 13

Behavior under the compression test of wallettes

reinforced with different inclinations of Guadua strips
Source: Authors own creation.

In both Figure 12 and Figure 13, an increase in stiffness is observed during the loading process, as indicated
by the rising slope of the curves. This behavior may be attributed to the progressive consolidation and
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densification of the mortar layers between the adobe blocks, which enhances interfacial contact and improves
load transfer as the test progresses.

Diagonal tension test simulation

ollowing a similar approach to the compression analysis, bo inear and non-linear analyses were
Foll g 1 h to th lysis, both 1 d 1 ly
performed, calibrating the numerical models with experimental test data. To ensure consistency, a 15 mm
mesh size was maintained, and the wallette materials were defined within the elastic range: 12 MPa and 7
MPa for Young’s modulus of the adobe units and mortar, respectively. For the non-linear range, the following
parameters were applied as shown in Table 3.

TABLE 3
Calibrated parameters in the microplane model for
the wallette without diagonal tension reinforcement

Parameter Adobe Mortar
12 MPa 7 MPa
% 0.15 0.15
fi 0.04 MPa 0.03 MPa
D 1 MPa? 1 MPa?
Gev -1 MPa -1 MPa
Rc 2 2
Tt 0.000001 0.0001
Ye 0.00001 0.0001
Bt 11 000 15 000
Be 10 000 12 000

Source: Authors own creation.

After calibrating the models, the maximum principal stress in the non-linear range was analyzed, with the
results presented in Figure 14. The failure pattern observed in the numerical model closely resembles the
experimental results, as shown in Figure 15. The failure in the model occurs at the center of the wallette,
particularly at the joints between the adobe blocks and the surrounding areas. This behavior highlights a

low resistance in the contact zones between the adobe units, emphasizing their vulnerability under diagonal
tension.
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Type: Maximum Principal Stress
Unit: MPa
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FIGURE 14
Maximum principal stress in the model of unreinforced wallettes under the diagonal tension test

Source: Authors own creation.

et e

FIGURE 15

Failure of masonry wallette under the diagonal tension test
Source: Forero, 2022. [21]

Following the calibration of the unreinforced model, an analysis was conducted on a wallette reinforced
with Guadua strips. The same parameters were maintained for the wallette, with the Guadua strips modeled
using a Young’s modulus of 900 MPa. The Guadua strips were assumed to behave as orthotropic and elastic
materials without non-linear parameters. These assumptions enabled the computational model to simulate
the behavior without requiring further calibration, producing representative results, as illustrated in Figure

16.
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FIGURE 16

Behavior of the wallette model reinforced with Guadua strips inclined at 45° under diagonal tension
Source: Authors own creation.

The numerical simulation of reinforced wallettes produced a representative load-shortening curve
(RWDTS, Reinforced Wallette Diagonal Tension Simulation) comparable to the experimental results
(RWDTT, Reinforced Wallette Diagonal Tension Test). Figure 17 demonstrates more than a twofold
increase in the wallette’s capacity under diagonal tension due to Guadua strip reinforcement.
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FIGURE 17

Behavior of wallette models with and without reinforcement

under diagonal tension test in the non-linear range
Source: Authors own creation.

Using the computational model, a comparison was made for various Guadua strip inclinations to evaluate
and recommend the optimal reinforcement angle for adobe wallettes. The load-shortening curves for
different Guadua strip inclinations (RWDTS, Reinforced Wallette Diagonal Tension Simulation) were
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analyzed, with the inclinations evaluated every 30°, as illustrated in Figure 7. These simulations considered
the load application direction, and the results are presented in Figure 18. It was observed that the behavior
of the reinforced wallettes was generally consistent across all inclinations. However, the wallette reinforced
with Guadua strips at an inclination of 150° exhibited lower maximum resistance and stiffness compared to
other configurations. Although this orientation does not align with the principal tensile stress direction in
diagonal tension, it was included to highlight the reduced effectiveness of unfavorable reinforcement angles.
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FIGURE 18
Behavior of wallette models with reinforcement in different
inclination configurations under the diagonal tension test
SOurCC: Authors own Cl'cation.
Conclusions

This study demonstrates that numerical simulation using the finite element method (FEM) is a reliable and
effective tool for analyzing the mechanical behavior of adobe wallettes reinforced with Guadua angustifolia
Kunth strips. The results highlight the significant improvement in the mechanical performance of adobe
wallettes under both compression and diagonal tension loads when reinforced with Guadua strips.

The analysis of different reinforcement orientations revealed that the configuration at 90° (vertical)
consistently offers superior mechanical performance in terms of load-bearing capacity and stiffness. This
configuration also presents practical advantages, such as ease of construction, making it the most suitable
choice for reinforcing adobe structures in real-world applications. Conversely, the orientation at 150° showed
comparatively lower performance, which may limit its practical utility.

In the diagonal tension test simulations, all reinforced wallettes exhibited a marked increase in ultimate
resistance compared to their unreinforced counterparts, further validating the effectiveness of Guadua strips
as a retrofitting material. The reinforcement provided by Guadua strips not only enhances the structural
stability of adobe wallettes but also addresses critical vulnerabilities, such as low tensile strength, which are
common in traditional adobe constructions.

These findings underline the potential of Guaduaangustifolia Kunth as a sustainable, cost-effective, and
accessible material for retrofitting adobe structures, particularly in regions with limited resources and high
seismic vulnerability. Its use aligns with modern engineering practices focused on renewable materials and
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sustainable development, offeringa practical solution to improve the resilience of adobe constructions against
seismic events.

While the numerical model employed is capable of capturing post-peak softening behavior, the curves
in this study were truncated at the peak load due to two main limitations: the experimental tests were
conducted under load control, preventing observation of the descending branch, and convergence issues in
the simulations—especially under diagonal tension—restricted stable computation beyond the peak. This
highlights the importance of addressing these challenges to fully characterize the post-peak response of
reinforced adobe structures.

Future research could include displacement-controlled experimental setups and improved numerical
strategies to overcome the limitations discussed above, as well as large-scale experimental testing to
validate the findings of this study. Additionally, exploring applications of Guadua reinforcement in
heritage infrastructures, where preserving structural integrity and authenticity is critical. Such efforts would
contribute to the development of practical guidelines for implementing sustainable retrofitting techniques
in diverse contexts.
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