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IntroductIon

Mortar is a workable paste typically made from a 
mixture of fine aggregate, a binder such as cement or lime, 
and water. Mortar becomes hard when it sets, resulting in a 
rigid aggregate structure. It is used in masonry to bind bricks 
and stones, to provide an even bed between joints, and to 
plaster and point exposed masonry surfaces. Mortar in a thin 
liquid form (grout) is used to fill empty joints in masonry, 
to stabilize soil, to solidify porous rock, to make cast-in-situ 
reinforced concrete membranes, and has many other uses [1].

The first zeolite (phillipsite) deposit was discovered 
in Jordan in 1987, in the Quaternary volcanic tuff of the 
Jabal Al Aritayn Volcano in northeast Jordan. In 1996, 
six localities with zeolite deposits were discovered in the 
volcanic tuff outcrops in northeast Jordan. According to 
Natural Resources Authority (NRA) estimates, the reserves 
of volcanic tuff in Jordan exceed two billion tons [2].

The advantages of volcanic tuff include its highly porous 
structure, high surface area, and low density. It is available 
in different types, sizes, and colors, and can reduce concrete 
dead weight. Similar to other pozzolanic material, such 
as silica fumes and fly ash, substitution with zeolite can 
improve the strength of concrete via the pozzolanic reaction 
with Ca(OH)2 [3]. It can prevent the bleeding, segregation, 

and delamination of fresh concrete, facilitate pumping 
processes, decrease the permeability of hardened concrete, 
enhance durability (especially resistance to alkali-aggregate 
reactions), increase concrete strength, and minimize the 
cracking in concrete caused by self-shrinkage [4].

Many recent studies have examined the feasibility of 
using volcanic tuff as lightweight aggregate, building stone, 
and pozzolans in cements and concretes [5-14]. The US 
Department of the Interior Bureau of Reclamation studied 
the physical and chemical properties of several types of 
light-weight aggregate, including volcanic tuff (scoria and 
pumice) [14]. The results verified the feasibility of using 
such aggregates to produce lightweight concrete. They also 
used scoria and some expanded slags to produce lightweight 
concrete with intermediate compressive strength, variable 
workability, and very satisfactory light-weights ranging 
from 90 to 110 pounds per cubic foot [14]. Authors 
investigated the properties of volcanic tuff sand and checked 
its suitability for use in mortar mixes [8]. Their results 
indicated that volcanic tuff sand increased mortar adhesion, 
bonding strength, and durability. Authors reported the 
physical and mechanical properties of yellow volcanic tuff 
found in Europe [15]. Authors examined how volcanic tuff 
aggregates affect the unit weight and strength of concrete, 
and found that unit weight and strength were reduced as 
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Abstract

This paper examines how Jordanian volcanic tuff aggregates affect the characteristics of cement mortar. Five mortar mixes were 
prepared by replacing normal aggregate (standard sand) with volcanic tuff aggregate in ratios of 0, 25, 50, 75, and 100% (M1 to 
M5, respectively). Compressive strength, flexural strength, and unit weight were tested at mortar ages of 3, 7, 28, and 56 days. The 
results revealed improved compressive and flexural strength, which were maximal for the M3 sample. Unit weight decreased as the 
ratio of volcanic tuff increased. Based on these results, adding Jordanian volcanic tuff in the appropriate ratio will improve these 
mortar characteristics.
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Resumo

Este artigo examina como agregados de tufos vulcânicos jordanianos afetam as características de argamassas de concreto. Cinco 
misturas de argamassas foram preparadas substituindo o agregado normal (areia padrão) com agregados de tufos vulcânicos nas 
proporções 0, 25, 50, 75, e 100% (M1 a M5, respectivamente). Resistência à tração, resistência à flexão, e peso unitário foram 
testados para tempos de argamassa 3, 7, 28, e 56 dias. Os resultados mostram melhoria nas resistências à tração e à flexão, com 
valores máximos para a amostra M3. O valor do peso unitário diminuiu com o aumento da proporção de argamassa vulcânica. 
Portanto, a adição de argamassa vulcânica jordaniana na proporção adequada melhora as características da argamassa.
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the percentage of volcanic tuff increased [11]. Authors 
reported the addition of 9, 14, 15 wt.% Afyon Volcanic Tuff 
(AVT) to a standard wall tile body and found that it could 
be used successfully to produce wall tiles [9]. The alkaline 
properties, viscosity, water absorption, and compressive 
strength of specimens are slightly affected by adding AVT. 
Authors reported the use of volcanic tuff and other materials 
to form a composite for masonry blocks [16].

Therefore, this study aims to evaluate how raw volcanic 
tuff affects the characteristics of cement mortar using 
different ratios of normal to volcanic tuff aggregates, with a 
constant water to cement ratio.

MAtErIAls And MEthods

 Materials: 12 m3 of raw volcanic (red tuff) was obtained 
from Jabal Artin, southeastern Jordan. The required quantity 
was crushed, sieved, and separated into sizes that met 
the specifications of standard sand (ASTM C778), with 
sieve numbers 16, 20, 50, 30, 40, and 100. Normal sand 
was sieved into similar sizes as the volcanic sample. The 
specific gravity and absorption of the sand were determined 
according to ASTM C128. The unit weight was determined 
in accordance with ASTM C29. The chemical composition 
of the tuff sand was determined using X-ray diffraction 
(XRD) and X-ray fluorescence (XRF), and is shown in 
Tables I and II, respectively. The cement used in this study 
was ordinary Portland cement type I.

Batching: according to ASTM C109, the proportions of 

materials for standard mortar should be 1 part of cement to 
2.75 parts of graded standard sand by weight and a water-
cement ratio of 0.485 for all Portland cements [17]. To 
investigate how tuff sand affected the mortar characteristics, 
five mortar batches were prepared in accordance with ASTM 
C305. A mechanical mixer with a controlled mixing speed 
and mixing time was used for this purpose. The required 
standard sand was replaced by similar weights of tuff sand 
in proportions of 0, 25, 50, 75, and 100%, as shown in Table 
III. Both the standard sand and tuff sand were in a saturated 
surface dry condition.

Molding and curing: molding of specimens to determine 
their compressive and flexural strength was begun after the 
completion of batching, in accordance with ASTM C109 
and ASTM C348, respectively. Table IV lists the dimensions 
and numbers of specimens for each batch. All molding 
requirements (e.g., mold preparation, mortar layers, tamping, 
mixing speed, and timing) were considered. Immediately 
upon the completion of molding, the test specimens were 
placed in a moist room with their upper surfaces exposed. 
After 24 h, the specimens were cured in a water bath 
constructed of non-corroding materials at room temperature 
for periods of 3, 7, 28, and 56 days.

Parameter 
Size 150 µm- 1.18 mm
Oven Dry specific gravity 1.962
Saturated surface dry 
specific gravity 2.226

Bulk density 2227 kg/m3

Water absorption ratio by 
weight 12.74%

Surface texture Rough, hard, and  angular 
surface

Table I - Physical properties of volcanic tuff sand.
[Tabela I - Propriedades físicas da areia do tufo vulcânico.]

Table II - Chemical composition of the volcanic tuff and the 
standard sand. 
[Tabela II - Composição química do tufo vulcânico e da 
areia padrão.]

BDL: below detectable limit.

Parameter Volcanic Sample 
(%)

Standard 
sand (%)

SiO2 41.699 99.5
CaO 12.831 0.03
Al2O3 10.604 0.15-0.30
Fe2O3 8.87 0.015-0.03
MgO 6.249 0.005
TiO2 2.300 0.016-0.04
K2O 1.416 BDL
Na2O 1.057 BDL
P2O5 0.360 BDL
MnO 0.126 BDL

Batch 
designation Tuff percent Tuff  wt. (g) Standard sand (g) Water  (g) Cement (g) Total wt. (g) 

M1 0% 0.00 2475 436.5 900.00 3811.5
M2 25% 618.75 1856.25 436.5 900.00 3811.5
M3 50% 1237.5 1237.5 436.5 900.00 3811.5
M4 75 % 1856.25 618.75 436.5 900.00 3811.5
M5 100% 2475 0.00 436.5 900.00 3811.5

Table III - Materials used for different batches.
[Tabela III - Materiais usados para diferentes lotes.]
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which was attributed to the high surface area and porosity. 
It has been reported that the water absorption of Jordanian 
tuff ranged from 11.1% (grey tuff) to 25.1% (brown tuff) 
[18]. Chemically, the volcanic tuff consisted mainly of 
silica, lime, and other oxides, while 99.5% of the standard 
sand was SiO2. Similar results have been reported by other 
researchers. The physical and mechanical properties of tuff 
widely vary according to the quarry location and type of 
rocks [19].

Density of cement mortar: Figs. 1 and 2 show the density 
of each batch of cubes and prism specimens, respectively. 
The average density ranged from 2056-2199 kg/m3 for cube 
samples and from 2097-2191 kg/m3 for prism samples. 
M1 (100% sand) had the highest density, while M5 (100% 
volcanic) had the lowest; this was caused by the lower 
specific gravity of the volcanic tuff in comparison with 
standard sand. The maximum reduction in density was 
5.5%, in M5 cube samples at 7 days. Sand or volcanic tuft 
constituted only 65% of the mix volume, while cement and 
water contributed 35%. The water and cement contents 
were kept the same in all batches, which explains the slight 
reduction in the density of the volcanic specimens. It has 
been found that the unit weight decreased with increasing 
zeolite content in concrete [20]. It has been found that the 
density of concrete made of volcanic tuff materials was 
2059 kg/m3 versus 2398 kg/m3 for normal concrete [21]. 
Incorporating volcanic ash (VA) in concrete mixes has a 
similar effect where the density decreased from 2390 kg/
m3 in control samples (0% VA) to 2285 kg/m3 at 30% VA, 
representing a decrease of about 4.4% [22].

Compressive strength: Following ASTM C109 
guidelines, 50-mm cubes of cement mortar were tested after 
curing periods of 3, 7, 28, and 56 days, as shown in Table 
V. The M3 specimens had higher strength than the M2, M4, 
and M5 specimens and close to M1 value. Based on the 
average strengths for all tests and ages, the batch was ranked 
in the order M3>M1>M4>M2>M5 (Figs. 3-6). 

This means that replacing standard sand with 50% 
volcanic tuff slightly improved (<1.6%) the compression 
strength of cement mortar. This result was expected, because 
the physical characteristics of volcanic tuff sand (i.e., its 
rough, angular surface texture) increase the bond between 

Mechanical properties: after the curing period the 
specimens were removed from the baths, wiped to give a 
dry surface, and any loose sand, grains, or incrustations 
were cleaned from the faces so that they would not prevent 
contact with the bearing blocks of the testing machine [17]. 
All samples were sent to the laboratory and tested within 1 
h. For the compression strength test, a constant loading was 
applied on the specimen in the range of 200-400 lbs/s (900-
1800 N/s). Compression strength was calculated as follows:

Fm = P/A                                                                 (A)

where Fm is the compressive strength in MPa, P is total 
maximum load in N, and A is the area of loaded surface in 
mm2.

For the flexural strength test, a center-point loading 
machine was used; its bearing edge was adjusted so that it 
was at exactly right angles to the length of the prism and 
parallel to its top face as placed, with the center of the 
bearing edge directly above the center line of the prism and 
at the center of the span length. The load was applied at a 
rate of 600-625 lb/min (2640-2750 N/min), which produced 
failure in an average time of 50 s. The flexural strength, Fr, 
in MPa can be calculated as:

Fr = 0.0028 P                                                          (B)

where P is the total maximum load in N.

rEsults And dIscussIon

Physical and chemical characteristics: the physical 
properties of the volcanic tuff sand were investigated in 
accordance with ASTM C128. Compared with standard 
sand, the volcanic tuff had a lighter specific gravity, which 
proved its useful for producing lightweight concrete. It 
absorbed more water (12.7%) than standard sand (0.65%), 

Table IV - Dimensions and numbers of specimens per each 
test.
[Tabela IV - Dimensões e número de espécimes em cada 
teste.]

Test Specimen 
dimensions

Number of 
specimens 
per batch

Physical 
characteristics 30 kg 3*

Chemical 
characteristics 30 kg 3*

Compressive 
strength 50 mm cubes 24**

Flexural 
strength

40 x 40 x 160 mm3 
prisms 24**

* total, **per batch 

Figure 1: Average unit weight of cube specimens.
[Figura 1: Peso unitário médio das amostras cúbicas.]
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the aggregate and cement paste, which in turn increase 
the mortar strength. Conversely, the large specific surface 
area of volcanic tuff sand, compared with standard sand, 
requires more cement paste for coating, which is why M4 
and M5 had lower compressive and flexural strengths than 
M3. Additionally, when added in higher ratios, volcanic 
tuff materials have a high absorption ratio, which decreases 
the W/C ratio needed for reaction, affecting the strength of 
the mixes. It was found that adding volcanic tuff to the 
concrete mix in a ratio of 20% increased compression 
strength by 3.8-19.9%, depending on the strength of the 

concrete and the type of volcanic material [18]. It was 
found no significant difference in the compression strength 
of lightweight concrete samples including volcanic tuff 
versus normal concrete samples [21]. Authors used zeolite 
in concrete in ratios of 5, 10, and 15%, and found that 
compressive strength increased with increasing zeolite 
content [20]. It was found the opposite, reporting that 
the Schmidt hardness, compressive strength, and flexural 
strength all decreased with increasing zeolite content in 
the concrete [4]. It was reported that 30% volcanic tuff in 

Figure 5: Compression strength of mortar at 28 days age.
[Figura 5: Resistência à compressão da argamassa envelhecida 
durante 28 dias.]

Figure 2: Average unit weight of prism specimens.
[Figura 2: Peso unitário médio das amostras prismáticas.]
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Batch 
designation

Tuff 
percent 3-days 7-days 28-days 56-days

M1 0 0 0 0 0
M2 25 -19.4 -15.7 -19.6 -15.2
M3 50 0.2 1.6 0.7 -0.9
M4 75 -11.8 -2.1 -16.1 -12.7
M5 100 -34.3 -17.7 -26.1 -23.5

Table V - Decrease/increase percentage of the compression 
strength in comparison with the control batch.
[Tabela V - Aumento e diminuição da resistência a 
compressão em comparação com o lote de controle.]

Figure 3: Compression strength of mortar at 3 days age.
[Figura 3: Resistência à compressão da argamassa envelhecida 
durante 3 dias.]
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Figure 4: Compression strength of mortar at 7 days age.
[Figura 4: Resistência à compressão da argamassa envelhecida 
durante 7 dias.]
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Figure 6: Compression strength of mortar at 56 days age.
[Figura 6: Resistência à compressão da argamassa envelhecida 
durante 56 dias.]
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concrete reduced compression strength by 28% [22]. Authors 
reported that the compression strength of normal concrete (300 
kg/cm2) made with limestone at 28 days was greater than that 
made with volcanic rock, by approximately 0.2, 5, and 14%, for 
maximum aggregate sizes of 10, 20, and 40 mm, respectively 
[23]. High-strength concrete (800 kg/cm2) made with limestone 
had higher compression strength than concrete made with 
volcanic rock, by approximately 4, 6, and 7% for the respective 
sizes.

Flexural strength: the flexural strength of 40 × 40 × 160 
mm3 mortar prisms was tested after curing periods of 3, 7, 

28, and 56 days. After 28 days, M2 and M3 samples had 
flexural strength of 7.93 and 8.44 MPa, respectively, while 
M1 samples had a 7.5 MPa (Fig. 9). At 28 and 56 days, all 
batches had higher strength than M1 samples, as shown in 
Tables V and VI. At all ages, M3 samples had the highest 
flexural strength, verifying the beneficial effect of using 
volcanic tuff in cement mortar in a 50% ratio (Figs. 7-10).

The M3 mortar had more rough and angular particles 
than M2 samples, and a smaller surface area than M4 
and M5 samples, which resulted in higher strength. A 
comparison between M3 and M1 mortar (the control 
mortar) would depend on the same issues of surface texture 
and surface area, along with the fact that moderate- or 
low-strength aggregates can be valuable in preserving the 
integrity of concrete, which is the case with volcanic tuff 
sand [24]. Natural sand has a smaller surface area, so a 
smaller amount of cement is sufficient to coat the sand, 
accelerating the hydration process and resulting in a rapid 
initial increase in strength. This explains the higher flexural 
strength of M1 at 3 and 7 days.

It was reported normal concrete (300 kg/cm2) made 
with limestone at 28 days had a lower flexural strength 
than concrete made with volcanic rock, by approximately 
6, 4, and 2%, for a maximum aggregate size of 10, 20, and          
40 mm, respectively [23].

Batch 
designation

Tuff 
percent 3-days 7-days 28-days 56-days

M1 0 0 0 0 0
M2 25 -2.5 -4.3 5.7 6.1
M3 50 2.0 1.5 12.5 15.3
M4 75 -16.0 -13.2 3.7 4.5
M5 100 -31.2 -21.7 2.3 2.0

Table VI - Decrease/increase of the flexural strength in 
comparison with the control batches.
[Tabela VI  - Diminuição e aumento da resistência à flexão 
em comparação com lote de controle.]

Figure 7: Flexural strength of mortar at 3 days age.
[Figura 7: Resistência à flexão da argamassa envelhecida durante 
3 dias.]
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Figure 8: Flexural strength of mortar at 7 days age.
[Figura 8: Resistência à flexão da argamassa envelhecida durante 
7 dias.]
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Figure 9: Flexural strength of mortar at 28 days age.
[Figura 9: Resistência à flexão da argamassa envelhecida durante 
28 dias.]
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Figure 10: Flexural strength of mortar at 56 days age.
[Figura 10: Resistência à flexão da argamassa envelhecida 
durante 56 dias.]
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conclusIons

This study evaluated how volcanic tuff sand affected 
compressive strength, flexural strength, and the unit weight 
of mortar. Five mortar batches were produced, using various 
weight ratios of normal sand to volcanic tuff sand. Based on 
the results, we concluded that Jordanian volcanic tuff can 
be used successfully as construction material. Moreover, 
the results revealed that the appropriate ratio of blended 
aggregate, i.e., 50% Jordanian volcanic tuff (from Jabal 
Artin) can improve mortar characteristics and reduce the 
unit weight of mortar to some extent.
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