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ABSTRACT

In this study, reference values for the diagonal compressive strength (DCS) and compressive strength
(CS) of masonry designs were obtained for Guerrero State, Mexico. The results of masonry testing
programs during the last 16 years were studied using a statistical analysis. DCS values of 0.45 MPa for
solid clay brick masonry and 0.20 MPa for hollow concrete block masonry, using type I or |1 mortars,
were calculated. In solid concrete block masonry with type | mortar, the DCS was 0.45 MPa.
Additionally, for masonry elaborated with any type of masonry piece and mortar (I or 1), the CS had
a value of 1.9 MPa. These calculated values can be used for both masonry design and the revision of
masonry buildings.
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Propuesta de valores de referencia para la resistencia de disefio a compresion
diagonal y compresion de la mamposteria en el estado de Guerrero, México

RESUMEN

El objetivo del presente articulo es proponer valores de resistencia de disefio a compresion
diagonal y compresion de la mamposteria en Guerrero. Para esto se normalizo la informacion
historica experimental de 16 afios. Considerando las caracteristicas de los datos se evaluaron los
resultados mediante comparacion de valores y analisis de coeficientes de variacion. Del primer
pardmetro se propuso 0.45 MPay 0.20 MPa en mamposteria de tabique recocido y bloques huecos
pegada con morteros tipos 1 y 11; en mamposteria de tabicon y mortero tipo | se propuso 0.45 MPa.
Respecto al segundo parametro, el valor sugerido es 1.9 MPa para todas la piezas y morteros. Los
resultados serviran como una guia de disefio y revision en construcciones de mamposteria.
Palabras clave: resistencia de disefio; construcciones de mamposteria, normatividad; riesgo
sismico, Guerrero.

Proposta de valores de referéncia para resisténcia ao projeto de compressao
diagonal e compresséo da alvenaria no estado de Guerrero, no México

RESUMO
O objetivo deste artigo é propor valores de resisténcia ao projeto a compressao diagonal e
compressao da alvenaria no Estado de Guerrero, México. Para isso, a informagao histdrica
experimental de 16 anos foi normalizada. Considerando as caracteristicas dos dados, 0s
resultados foram avaliados por comparacao de valores e anélise de coeficientes de variagdo. Do
primeiro parametro, foram propostos 0,45 MPa e 0,20 MPa em alvenaria macica recozida e
blocos ocos presos com argamassas tipo | e 11; Na alvenaria de particdo e argamassa tipo |, foi
proposto 0,45 MPa. Em relacdo ao segundo parametro, o valor sugerido é de 1,9 MPa para todas
as pecas e argamassas. Os resultados servirdo como um guia de projeto e revisao em construcoes
de alvenaria.
Palavras-chave: resisténcia ao projeto; construcfes de alvenaria; normatividade; risco sismico;
Guerreiro.

1. INTRODUCTION

Masonry is composed of solid or hollow (concrete or clay) units bonded with mortar made from
fine aggregate, cement, and occasionally lime. It may also include vertical and horizontal
reinforcements, which are vertical and horizontal, and confining elements made of small cross-
section reinforced concrete. In its various forms, this system is one of the most used in the
construction of housing and low-rise buildings (Tomazevic, 2006).

In Mexico, masonry buildings are often damaged by earthquakes. For example, damage has been
recorded from the earthquakes in Manzanillo in 1995 (Juérez et al., 1997), in Caleta de Campos in
1997 (Rodriguez et al., 1998), in Tehuacan and Oaxaca in 1999 (Alcocer et al., 2002, Alcocer et
al., 1999) and in Tecoman in 2003 (Alcocer et al., 2003). Recently, the earthquake of April 4,
2010 with M = 7.2 and an epicenter near Mexicali, Baja California caused the shear failure of the
short span walls making up the perimeter of the ISSSTECALI Hospital (Figure 1a).
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The houses also showed substantial damage, especially in the transverse direction, where there
is less wall length in the architectural design. Figure 1b shows the shear failure in walls made with
hollow concrete blocks (Rangel et al., 2011; Martinez and Martinez, 2010).

&

a) b)
Figure 1. Masonry Walls Damage in Mexicali Earthquake, Baja California (Martinez and
Martinez, 2010): a) Short Perimeter Walls, b) Housing-building Wall

Some masonry constructions in Guerrero State were affected by two earthquakes that occurred in
the last six years. The first occurred in 2011 with M = 6.5 and an epicenter in the mountainous area
of Sierra Madre del Sur, 62 km from the city of Chilpancingo. This earthquake damaged both
historic buildings and several more recent buildings located in the city, as shown in Figure 2a,
(Arroyo-Matus et al., 2014). The second earthquake occurred in August, 2013 with M = 6.0 and an
epicenter east of the city of Acapulco. Although no damage was reported to houses or
buildings, there was non-structural damage to city hospitals. Figure 2b shows the diagonal stress
failure of masonry dividing walls at the Donato G. Alarcon Hospital (Sanchez-Tizapa, 2013).
Furthermore, considering that masonry is a combination of various materials, its failure depends
on several factors:

a) Presence or absence of reinforcement (horizontal and vertical steel, confining elements)

b) Aspect ratio of the walls

c) Mechanical, geometric, and physical characteristics of the units, including their roughness

d) Type and magnitude of the loads

e) Physical-mechanical characteristics of the mortar

f) Relationship between the mechanical characteristics of the mortar and the units

g) Level of saturation of the units at the time of bonding

Proposed reference values for the diagonal compressive strength and
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Figure 2. Masonry Walls Damage: a) In Chilpancingo, Gro. (Arroyo-Matus et al., 2014), b) At
Donato G. Alarcon Hospital in Acapulco, Gro. (Sanchez-Tizapa, 2013)

Under these scenarios, masonry failures occur due to stress, poor adhesion of the joint, diagonal
tension stress (unit and/or mortar cracking, separation of units) and compression. Figure 3 shows
the envelope curve of the masonry capacity (Mann and Muller, 1982; Crisafulli, 1997; Flores et
al., 2013). To obtain useful values from this curve, at least four types of tests need to be
conducted, of which three are proposed by the Mexican building code: adherence-shear (Zone 2),
diagonal compression (Zone 3) and compression (Zone 4), (NTCDCM, 2004; NMX-C-082-

ONNCCE-2013, 2013; NMX-C-464-ONNCCE-2010, 2010).
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Figure 3. Backbone curve of masonry and tests of specimens (Flores et al., 2013)
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Additionally, Guerrero State has a complex problem: there is a high seismic risk due to its
geographical location, but the most important properties for masonry design are unknown. The
diagonal and normal compressive strength (Zones 3 and 4 in Figure 3) are the most important
variables in typical masonry design. Due to a lack of knowledge and/or a lack of local values,
designers use complementary technical regulations from Mexico City (NTCDCM, 2004), which
could be different from the actual values (Flores et al., 2013). Additionally, these regulations
specify a maximum diagonal compressive strength of 0.34 MPa, which is inadequate given the
demands of high-rise design defined in local regulations, preventing the design of buildings
higher than three stories.

This study is justified by the widespread use of the different forms of masonry, (Figure 4). A
random sampling from 10 blocks (431 constructions) of the City of Chilpancingo, Guerrero,
indicates that solid clay brick and confined masonry predominate. The types of material and
structure used are 81.4 % confined masonry walls (M1), 7 % reinforced concrete walls and/or
frames (M2), 3.7 % adobe walls (M3) and 7.9 % other materials (steel and provisional materials,
M4), as shown in Figure 5. On average, 82 % are solid clay bricks, 7.8 % are concrete
components (bricks and/or blocks), and 10.2 % are materials that could not be identified.

Figure 4. Housing-building of Confined Masonry
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Figure 5. Distribution of Structures
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2. MATERIALS AND METHODS

2.1 Objective

The objective of this study is to propose reference compressive strength and diagonal compressive
strength design values based on historical experimental information in accordance with the
compressive strength of the mortar and components used.

2.2 Standardization of historical experimental data

A total of 13 experimental researches conducted between 2000 and 2016 were analyzed. Table 1
and Figure 6 show both a listing and the type of information obtained, as well as the origin of the
units. The materials and dosages used in the preparation of the specimens were those commonly
used in masonry construction in the different cities of the state (Caballero, 2016).

The data were standardized using the specially developed index card shown in Figure 7, where the
physical-mechanical characteristics of the components (sand, mortar and units) and masonry
(compressive strength in prisms and diagonal compression strength in masonry wallets) are shown.
From the 13 consulted studies, 43 index cards similar to that in Figure 7 were prepared. MF refers
to the fineness module of sand, PVSS is the volumetric weight of loose dry sand, Cy is the
experimental coefficient of variation, Cyn is the standard coefficient of variation, fj is the average
compressive strength of mortar, f;" is the compressive strength design value of the mortar, f, is the
average compressive strength of the unit, f," is the compressive strength design value of the unit,
fm is the average compressive strength of the masonry, and vi is the average diagonal compressive
strength of the masonry. The header of each index card has a serial number, the type of unit
analyzed, the author and the year of the study.

Table 1. List of Experimental Researches (Caballero, 2016)

Component Tests and Masonry |  Masonry Specimen
#/Author / Date Units Tests

Sand | Mortar Units Prisms Wallets
1 Salgado (2000) Yes Yes No/SCB No Yes

No/SCB,

2 Navez (2002) @® VYes Yes SCU. HCB Yes Yes
3 Tavares (2004) ® VYes Yes Yes/HCB Yes No
4 Mufoz (2007) @® Ves Yes Yes/SCB Yes Yes
5 Mayo and Nava (2012) ® vYes Yes No/SCB Yes Yes
6 Cruz (2012) No Yes Yes/HCB Yes Yes
7 Contreras and Hernandez Yes/SCB,
(2012) Yes Yes SCU, HCB Yes Yes
8 Basurto (2013) B Yes Yes Yea/(S:(éU, Yes Yes
9 Encarnacién and Palacios Yes/SCB,
(2013) Yes Yes SCU, HCB Yes Yes
10 Juérez (2013) No Yes Yes/HCB Yes Yes
11 Ramos (2014) B Yes Yes Yes/SCB Yes Yes
12 Lopez (2014) « No Yes Yes/SCB Yes Yes
13 Altamirano (2016) ® Yes Yes  Yes/SCU Yes Yes

SCB: Solid Clay Brick, SCU: Solid Concrete Unit, HCB: Hollow Concrete Block
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Figure 6. Origin of the masonry units (Caballero, 2016)

Index Card # 21. SCB from Atliaca, Gro. (Mayo and Nava, 2012). Units: MPa, m.
Sand Prisms Wallets

MF 2.95 N. Size fm N.° Size Vm
PVVS 164.59 KN/m®| 1 | 0.26x0.24 439 | 1] 0.41x0.37 1.29
Density 2.51 2 | 0.26x0.21 2.82 | 2 | 0.40x0.36 1.45
Origin 3 | 0.26x0.24 2.73 | 3 | 0.41x0.37 1.35
Absorption (%) 1.15 4 | 0.25x0.23 429 | 4| 0.41x0.37 1.70

Mortar 5| 0.25x0.23 298 | 5| 0.40x0.36 1.51
Dose 1:0:2 6 | 0.26x0.22 471 | 6 | 0.40x0.36 1.58
Cjr 0.10 7 | 0.26x0.23 297 | 7 | 0.38x0.36 1.47
Cin 0.20
fj 22.38
fi" 14.92

Units
Type SCB
Absorption, %
Cor
Cpn fm 3.55 Vi 1.48
fo Cor 0.25 Cur 0.09
fo Crn 0.15 Cun 0.20

Figure 7. Developed Index Card (Caballero, 2016)
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In Figure 7, the first subscript of the coefficients indicates the type of specimen — mortar (j), unit
(p), prism (m) and wallet (v) — and the second subscript indicates if it is experimental (r) or
standard (n).

According to the information obtained, in most cases, the mortar was made with cement and
sand, but it sometimes also contained lime. Thus, the volumetric mix ratio of mortar indicated in
the index card has three parts, which correspond to the amounts of cement, lime and sand.

3. RESULTS

3.1 Average values of mechanical properties

According to regulations, the design strength of type | mortar is equal to or greater than 12.3
MPa. Equation 1 was used with 156 recorded data points across a variety of units to assess the
compressive strength design value, which was found to be f;i" = 16.98 MPa. In this equation, C;j is
the coefficient of variation that is greater than or equal to 0.20 (NTCDCM, 2004). The average
volumetric mix ratio for this strength was 1:0.05:2.82 (cement:lime:sand), and the historical
experimental coefficient (Cjr) was 21 %. Similarly, 77 data points were obtained from type Il
mortar, and the compressive strength design value was f;" = 10.0 MPa with a coefficient of
variation Cj- = 14 % (Figure 8).

fif= fi/(1+25¢) 1)

—e— Mortar I, fj=25.9 Mpa, Cjr=21%, N=156. Dos 1:05:2.82
40 —e—Mortar 11, fj=15.0 Mpa, Cjr=14%, N=77. Dos 1:0.08:3.69

13 155 18 205 23 255 28 305 33 355 38 405
Compressive Strength, f;, MPa
Figure 8. Frequency Polygon of Compressive Strength for Mortar | and 11

Table 2 shows the design parameters of the mortar and the units obtained from a statistical
analysis. The compressive strength and diagonal compressive strength design values could not be
assessed due to the nature of the data, and thus, the variables fm:™ and vm1™~were defined,
respectively. In equation 1, the average value and the higher coefficient of variation
(experimental or standard, Cp, Cj, Cm, Cy) of the parameter under study were replaced. Because
the data used here were from different test series over a 16 year period, it was necessary to use a
proper evaluation criterion. For the compressive strength, a Colombian standard (NSR-98, 1998)
proposes 70 % of the historical average value as the design value when there are between 10 and
30 results with a coefficient of variation lower than 30%. The parameters fm™ and vm2 ™ shown in
Table 2 were obtained with this criterion.
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Table 2. Design Values for Units and Masonry (MPa)
Mortar Unit Masonry

Cj fj* Cp fp* C | fu™ | fmo Cv Vi1 Vim2
SCB | 0.20 16.56 0.35 2.15 0.21 1.86 1.99 0.23 0.45 0.50
I 0.20 10.52 0.35 3.52 0.21 2.03 217 0.22 0.46 0.50
SCU | 0.20 1790 0.30 7.48 0.21 1.89 2.02 0.21 0.55 0.59
HCB I 020 17.66 0.30 3.87 0.19 187 193 0.22 0.23 0.25
I 023 8.89 0.30 501 0.15 291 280 0.24 0.40 0.45

Unit Mortar

*%

Figures 9 and 10 show the distribution of the diagonal compressive strength, vm, of both mortars
for each type of unit. The graphs also show the number of cases, the average values of the
compressive strength of the joint (fj) and the unit (fp) and the mix ratio of the mortar. The
experimental coefficients of variation with type | and Il mortars were 23 % and 22 % in SCB, 21
% and 26 % in SCU, and 22 % and 24 % in HCB, respectively. The standard proposes a
minimum value of 20 %.

14
12
10
28
56
4
2
0
0.1 0.3 0.5 0.7 0.9 1.1 1.3 1.5 1.7
Diagonal Compressive Strength, v.,, MPa
—8— SCB. N=50, vm =0.70 Mpa, fj=24.83 Mpa, fp=4.04 Mpa. Dos 1:0:2.6
—& - SCU, N=31, vm=0.80 Mpa, fj=26.84 Mpa, fp=7.48 Mpa. Dos 1:0:2.7
—6—HCB, N=46; vm=0.36 Mpa, fj=26.49 Mpa, fp=3.87 Mpa. Dos 1:0:3.2
Figure 9. Frequency Polygon of Diagonal Compressive Strength for Mortar |
7
6
5
34
S 3
2
1
0
0.3 0.5 0.7 0.9 1.1 1.3 1.5 1.7

Diagonal Compressive Strength, Mpa
——SCB, N=27, vm=0.70 Mpa, fj=15.77 Mpa, fp=6.59 Mpa. Dos 1:0:3.9
——SCU, N=6, vm=0.70 Mpa, fj=15.09 Mpa, fp=6.41 Mpa. Dos 1:0:3.5
—0—-HCB, N=12, vm=0.61 Mpa, fj=14.07 Mpa, fp=5.00 Mpa. Dos 1:0.3:2.7
Figure 10. Diagonal Compressive Strength for Mortar |1
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3.2 Comments

Table 3 shows the maximum diagonal compressive strength values measured. Each row was
obtained by standardizing the available data, as in Figure 7. The maximum value, vm:™ = 0.99
MPa, was obtained in SCB saturated for 24 hours and bonded with a type | mortar with a
compressive strength f;* of 14.92 MPa (case (2)). Case (3) had vm1™ = 0.79 MPa, which was the
maximum stress for the SCU bonded with a mortar with a compressive strength design value ;"
of 16.2 MPa, a compressive strength design value for the unit of f,” = 3.1 MPa, and an absorption
of 5 %. For HCB, the maximum value was vm1~~ = 0.40 MPa with a compressive strength design
value of the mortar and the units of 9.34 MPa and 2.35 MPa, respectively (case (4)).

Table 3.Analysis of Diagonal Compressive Strength (MPa)

Unit | Mortar Row MF fi" fo" Abs%;)ptlon Vit
1 2.00 13.99 5.88 22.94 0.22
2 2.13 16.15 2.55 21.50 0.25
I 3 2.85 16.54 0.86 28.40 0.47
SCB 4 2.95 14.77 S/D S/D 0.51(1)
5 2.95 14.92 S/D S/D 0.99(2)
6 2.00 9.88 5.88 22.94 0.43
I 7 3.07 10.53 2.35 26.36 0.47
8 3.07 8.86 2.35 26.36 0.57
9 2.13 16.15 2.09 20.20 0.35
| 10 2.30 15.89 7.30 15.00 0.70
scu 11 213 16.15 3.05 5.10 0.79(3)
" 12 3.53 11.26 2.53 8.93 0.37
13 2.00 8.86 4.79 19.07 0.52
14 2.30 19.55 1.08 12.00 0.11
HCB | 15 3.53 15.77 1.37 7.94 0.15
16 S/D 16.70 4.57 S/D 0.37
T 17 s/D 9.34 2.35 s/D 0.40(4)

The thresholds of MF, fj*, fp*, absorption, and the diagonal compressive strength design (vm") are
defined in regulations. Additionally, the range of the fineness modulus of sand is between 1.75
and 2.83, in accordance with the grain size distribution (NMX-C-486-ONNCCE-2014, 2014).
The orange cells indicate values below the regulatory standard, and the green cells indicate values
that meet it.

The mortar and units used in case (1) and case (2) were the same, except that in case (1), the units
were wetted just prior to preparing the samples instead of being saturated for 24 hours, which
decreased the strength of case (2) by 50 %.

The relationship between the mixture of the components (aggregates, cement, and unit) that
achieves an acceptable diagonal compressive strength is complex; there were at least four
mechanical-physical variables to assess in addition to the construction quality of the wallets and
controlling the tests. The first variable was the fineness modulus (MF) of the sand, the next two
were the compressive strength design values of the mortar (f;") and of the unit (f,"), and the last
variable was the absorption of the unit. In the first row, the four variables were within the
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standardized limits, whereas in the second row, the strength of the unit was lower than the
standard value; in both cases the diagonal compressive strength design value (vm") was not met.
This strength was met in the third row, but only 3 of the 4 variables were in compliance. In the
sixth row, all the parameters were met, while in the last two rows, only one of four parameters
met the standard; however, in both cases, the regulatory value was reached.

There were five cases using SCU. In four of them, two variables met the requirements, and in the
remaining case, only one variable did not meet the requirements; for all five cases, the desired
value of v~ was reached. Finally, only the HCB with type Il mortar met the desired strength.
According to these results, increases in the compressive strength of the mortar used with SCB did
not significantly increase the diagonal compressive strength of the masonry, and consequently, a
type Il mortar can be used in place of a type | mortar. For the case of HCB, a higher strength is
achieved with type Il mortar, as shown in Table 2.

Although it was possible to obtain diagonal compressive strength design values that were higher
than the regulatory values without complying with three of the four variables measured, a
question remains: What is the maximum value that can be obtained with adequate quality control
of materials and procedures? Furthermore, there is historical experimental evidence that the
diagonal compressive strength (case (2), Table 3) increases when SCB are in water for 24 hours,
yet here, it decreased by 50 % when the units were soaked before being bonded; therefore the
advantages of this process are questioned. It should be mentioned that the Colombian Code
specifies pre-moistening times as a function of masonry unit absorption (NTC 4205, 2000).

3.3 Comparison of the results

As stated above, the information processed in this study corresponds to 43 test series conducted
over the course of 16 years. For that reason, the values cannot be accepted as the compression and
diagonal compression design parameters, and thus, the variables fj;™" and vm1™~ were defined, which
are not significantly different from other tests conducted in Mexico. These tests were performed
by De la Cruz and Silva (2002) on SCU from Colima, De Gante et al. (2002) on SCB From Puebla,
Ruiz and Carboney (2006) on SCB from Tuxtla Gutiérrez, Fernandez et al. (2009) on HCB from
Merida, Mendoza-Pérez et al. (2011) on SCB from Queretaro, and Tena et al. (2017) on SCU from
the Valley of Mexico. In the case of diagonal compression, the calculated values were within 0.20—
0.55 MPa and were similar to those referenced. It should be noted that the highest strength was
recorded in Puebla (1.4 MPa). Most compressive strength values, including the calculated ones,
were lower than 3.0 MPa, and only four were higher, as shown in Figures 11a and 11b.
Additionally, due to the historical nature of the data, the equation proposed in the Colombian Code
was used, but the calculated variables fm,™ and vm2™ were slightly higher than the values of fn™
and vm1"™", respectively.

An additional comparison factor is the ratio of experimental coefficients of variation to the
standard coefficients of the two variables studied (compression and diagonal compression).
Figure 12a shows this relationship for four additional cases. For the calculated values, there are
two test series with greater dispersion, while another has the same level (Aguilar and Alcocer,
2014), and two have less dispersion. Two cases have similar dispersions in their compressive
strengths, while in the remaining two, the dispersion is reduced (Figure 12b).
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4. DESIGN VALUES PROPOSED FOR GUERRERO STATE

Based on this analysis, the average compressive strength and diagonal compressive strength
design values (fn", vm") for both mortars were proposed based on the minimum compressive
strength values of the units (f,") shown in Table 4. The average mix ratios (cement:lime:sand) of
the mortars for practical construction applications were 1:0.0:2.8 and 1:0.1:3.7 in type | and 11
mortars, respectively. Because the quantity of solid concrete unit specimens reported with type Il
mortar was small, a reference value was not proposed.

Table 4. Proposed Reference Values to Masonry Design

. Type of fm™ Vi’

Unit Mortar (MPa) (MPa)
SCB (f," > 2.8 MPa) Lyl 1.90 0.45
SCU (f," > 6.0 MPa) | 1.90 0.45
HCB (f,” > 4.4 MPa) lyll 1.90 0.20

5. CONCLUSIONS

Masonry is the most widely used material in the construction of buildings. However, it has a high
seismic risk in Guerrero State due to the lack of design mechanical parameters and quality control
in the construction process.

Furthermore, the interaction between masonry components is complex. Thus, to study the
diagonal compressive strength, four variables were analyzed: two for the mortar (fineness
modulus and design compression strength) and two for the units (design compression strength
and absorption). However, the results do not regularly achieve the standard value.

A comparison of the compressive and diagonal compressive strength values of this masonry with
other values recorded in Mexico and those obtained with the equation proposed by the
Colombian Code, which uses a percentage of a historical average value, verified this analysis.
The relationship of the experimental coefficients of variation with respect to the standard
coefficients was also verified.

Finally, from the analysis, it was concluded that the compressive strength design value (fn") is
1.9 MPa for any type of unit bonded with mortars of type | or II. For the diagonal compressive
strength design (vm'), a value of 0.45 MPa was proposed for SCU bonded with type | mortar and
for SCB regardless of the mortar used (type I or 11); if HCB were used, this value is reduced to
0.20 MPa for any mortar.

The proposed values were valid when the compressive strength design values of the units (f,")
were above 2.8 MPa for SCB, 6.0 MPa for SCU, or 4.4 MPa for HCB.

The results obtained in this study will serve as a guide for designing, reviewing, building and
supervising constructions as well as for planning pilot programs in different parts of Guerrero
State where this information is unavailable.
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