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ABSTRACT

The purpose of this study was to investigate the mineral composition of the historical mortars of Qasr Tuba and
to re-produce them for the restoration process. The mortar samples were collected from the foundation and walls
of Qasr Tuba. The chemical and mineral composition of the mortar was determined using several techniques. In
addition, the quantitative minerals content was recalculated for the mortar samples utilizing the material balances
equation. Moreover, 12 mixtures of mortar were prepared and tested for fresh and hardened properties, according
to their respective national and international standards. The results revealed that two types of mortar were used:
(1) the lime-based mortar was used for the foundation and joint mortars in the lower parts of the building walls with
a gypsum-hydrated lime ratio of 1:3; and (ii) the gypsum-based mortar was used as joint mortar in the upper parts
of the building walls for baked bricks at a gypsum-hydrated lime ratio of 4:1. A pozzolanic reaction in the Qasr
Tuba mortar produced a new formation of Xonotlite, Stratlingite, and calcium aluminium hydrate as a secondary
cementing mineral. In conclusion, the use of hydraulic lime mortar was considered for building an environment
for capturing the CO, gas.

Keywords: mortar, grog, lime, gypsum, Qasr Tuba, compressive strength, flexural strength, eco-friendly, histori-
cal restoration

INTRODUCTION

weathering effects than other components of the
building. Therefore, restoration of the mortar is

Mortar is among the various construction
materials, which refers to the material resulting
from the mixture of sand grains, a binder (lime,
gypsum, clay minerals, etc.) and water. Proper-
ties and characteristics of mortars are classified
according to the type of binder used. For some
time, mortars had a double objective: to create the
link between the parent material (rocks or bricks)
as well as to cover and protect the surfaces of col-
umns, walls, and facades (Palomo et al., 2002).
Mortars are also of special interest in conserva-
tion, because they represent the weakest part of
the structure and are much more sensitive to the

often crucial for the preservation of the whole
structure (Omari, 2009).

Mortars have been in use for thousands
of years and are integral to most masonry con-
structions. They are part of most global histori-
cal buildings. Therefore, they are a major con-
sideration in building conservation (Hughes et
al. 2012). The concern for the study of ancient
mortars is relatively new. Engineers and scientists
consider historical buildings and investigate the
solutions for building performance. Consistent-
ly, the outcome were highly efficient buildings,
more durable and ecofriendly materials as well
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as lesser energy consumption (Elmeligy, 2016).
Valek et al. (2019) reported that mortars are used
for the repair of lost portions of surface materials
in historical buildings. They recommended that
the mortar design and application should be per-
formed in a wider framework of conservation val-
ues which included conservation of the original
material, the accuracy of approach while conserv-
ing integrity, and not only technical principles. In
addition, the chemical and physical properties of
arepair mortar should be compatible with the sub-
strate and the material being replaced. Groot and
Gunneweg (2019) carried out a study on choosing
a compatible mortar composition for fill in or re-
pair joints (repointing) of historic masonry under
adverse environmental conditions. They found
that the quality and durability of repairing work
in historic masonry depends on the composition
of the repair mortar and good workmanship is a
basic requirement for repointing.

In 1981, the International Center for the Study
of the Preservation and Restoration of Cultural
Property (ICCROM) was founded in order to es-
tablish an investigation strategy of ancient and
repair mortars. In Spain, such interest has also
been declared for more than one decade (Palomo
et al., 2002; Luxan et al., 1995). Rossi-Doria
(1990) reported that the International Union of
Laboratories and Experts in Construction Materi-
als, Systems and Structures (RILEM) established
the first classification of mortars as a function of
its technical application: (i) mortars for plasters;
(i1) mortars for the application of facings; (iii)
mortars for decoration; and (iv) masonry mortars.
A second classification as a function of the na-
ture of the binder was also created, as follows: (i)
mortars based on lime; (ii) mortars based on lime
and pozzolanic materials; (iii) mortars based on
hydraulic binders; (iv) mortars based on gypsum;
(v) mortars based on clay binders; (vi) mortars
based on organic binders; and (vii) mortars based
on more than one binder.

The first mortars were made of mud and clay.
As result of a lack of stone and an abundance
of clay, Babylonian structures were constructed
from baked brick by employing lime for mortar.
According to Ghirshman (1954), the first evi-
dence of humans using mortar was found at the
ziggurat of Sialk in Iran in 2900 BC. This struc-
ture was built from sun-dried bricks. Similarly,
the Chogha Zanbil temple in Iran was construct-
ed around 1250 BC using kiln-fired bricks and
a robust mortar comprised of bitumen. In early

122

Egyptian pyramids built during the years of 2600-
2500 BC, limestone blocks were held together
by mortar comprised of both mud and clay or
of both clay and sand (Shaw, 2000). In Egyptian
pyramids that were constructed in later times, the
mortar was comprised of either gypsum or lime.
The gypsum mortar was essentially a mixture of
plaster and sand and was determined to be quite
soft (HCIA, 2002).

Historically, buildings with a pozzola-
nic mortar appeared next in Greece. This was
found particularly in the underground aqueduct
(ca. 500 BC). The pozzolanic mortar is a lime-
based mortar with an additive of volcanic ash
that allows it to be hardened underwater, thus,
it is known as hydraulic cement. Even later, the
Romans used a mortar without pozzolana using
terra-cotta “crushed baked clay” that introduced
aluminum oxide and silicon dioxide into the mix.
This mortar was not as strong as the pozzolanic
mortar, but it had a better water penetration resis-
tance due to its increased density. (HCIA, 2002;
Thomasen and Searls, 1988). Moreover, Herring
(2002) reported in his book, The Secrets of Ro-
man Concrete, that the Romans had two different
types of mortar. The first one was made with lime
and river sand mixed at a ratio of 3:1 sand to lime.
The second type used pozzolan and lime mixed
at a ratio of 2:1 pozzolan to lime. The historical
mortar has many advantages. Harrison (2005) re-
ported that the carbonating mortar tends to self-
heal the cracks that formed after any movement
by crystalline bridging. Moreover, Harrison rec-
ommended that in order to achieve good results
to reduce global warming, further research needs
to be conducted on the carbonating mortars and
walls that breathe.

Jordan’s architectural heritage is very rich,
diversified, and extends over a long-time span.
The degradation in this heritage is also rapid and
radical as a result of different natural and human
causes, including, but not limited to, weathering
effects, natural erosion, earthquakes, and the im-
pact of the modern economy and its technology.
Therefore, the levels of intervention for conserva-
tion and restoration are more urgent than at any
time before. Qasr Tuba is an Umayyad desert
castle in Jordan that was originally regarded as
a desert retreat (Badiyas) for the Umayyad royal
family who, being from the desert, grew tired of
city life with all of its harshness and crowded en-
vironments. Castles, such as Qasr Tuba, allowed
the royal family to return to the desert where their
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nomadic livelihood could best be expressed. Qasr
Tuba was first recorded by Musil in 1898 (Mu-
sil, 1907; Creswell, 1989). It was constructed on
a low-lying hill along a trade road using a com-
bination of limestone blocks and baked bricks.
The architectural plan consists of a rectangle (140
m by 85 m) and two symmetrical buildings that
are connected via a long central corridor (Fig. 1).
The building walls are supported by semi-round
towers. On the northern side of the castle, two
gates are surrounded by two square rooms. The
northwestern quadrant remains nearly intact and
several lengths of curtain-wall exist on the west-
ern side. The rest of the desert castle was never
completed and, therefore, is unpreserved. Qasr
Tuba has the same characteristics of Qasr al-
Mshatta: (i) the way of building the walls by con-
structing the lower part by well-dressed stones,
above which they are of brick; (ii) the same brick
making techniques; (iii) fingers print on plaster;
(iv) the effect of the Mesopotamian architecture;
(v) tunnel vault, pointed arches, and vaults; (vi)
path rooms in the stairs; and (vii) decorations
(Creswell,1989).

In order to establish an applicable procedure
for the restoration process at Qasr Tuba, the phys-
ical, chemical, and mineral content with different
concentration of each mineral in the mixture of
the construction mortar at the site were investi-
gated. Therefore, the focal point of this study was
to create a duplicate mortar from the ancient mor-
tar used in Qasr Tuba and other Jordanian desert
castles. This duplicate is an ideal repairing mortar
that can restore the same mechanical and chemi-
cal composition of the ancient one. This allows

the duplicate to be the best alternative for the re-
pairing mortar for its compatibility and durability
at the architectural heritage. Moreover, the inten-
tion is for it to be used as an eco-friendly con-
struction material in green buildings. The authors
believe that this study makes an important contri-
bution towards the ancient Middle East mortars
and develops appropriate preservation practices.

MATERIALS AND METHODS

Study area

Qasr Tuba is one of the large Islamic desert
castles located about 95 km southeast of Amman
in the central Jordanian desert (N 31°19'34.5; E
36°34'15.8). The castle is situated between wadi
Al-Ghadaf in the east and wadi Utarat Al-Gha-
basha in the west. It was built by Caliph Walid II
(743-744 CE). Due to his death in 744 CE and the
collapse of the Umayyad dynasty five years later,
the palace was not completed (Lash, 2012). The
upper part of walls was built of baked clay bricks
of Muwagqqar chalk marl formation, whereas the
lower part was built of limestone from the Umm
Rijam formation on the eastern margins of the
Jordanian desert (Al-Hiyari and Halasa, 2009)
(Fig. 2). Pleistocene sediments cover the area
around Qasr Tuba. It can be classified into pleis-
tocene gravels, alluvial sediments and mudfiats.
Pleistocene gravels and alluvial sediments main-
ly consist of subangular to subrounded clasts of
limestone and chert. Mudflats consist of clay and
silt, which represent the most recent sediments in
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Figure 1. Plan of Qasr Tuba, Jordan Desert Castles. (It was re-drawn by Shahrazad Ghreir,
architect engineer at Greater Amman Municipality after Creswell, 1989: 209)
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Figure 2. Location map of Qasr Tuba desert castles in the middle Badia.

the study area. The overlaying Muwaqqar chalk
marl formation (Maastrichitian) is exposed lo-
cally within the east bank of wadi Al-Ghadaf
(Al-Hiyari and Halasa, 2009).

The climate of wadi Al-Ghadaf is character-
ized as a Mediterranean, close to the arid / semiar-
id climate boundary. The climate is hot in summer
and cold in winter. The temperature may reach
more than 40°C during summer and drop a few
degrees below zero in winter. The mean annual
rainfall ranges from 50 to 100 mm. Moreover, the
humidity is low around 50-60% during winter
and around 15% in summer (Salameh, 1996).

Methodology

Two types of mortar samples were collected
from the Qasr Tuba-desert castles in the middle
Badia. The first one was joint mortar, which was
used for building baked bricks at upper parts of
the walls (JMUP). The second one was mortar
that was used as embedding mortar for foundation
or as joint mortar for building limestone at lower
parts of the walls (JMLP). Mineral identifica-
tion of the mortars samples was performed using
powder X-ray diffraction (Cu Ka radiation) on a
Shimadzu X-ray diffractometer (XRD — 6000) at
40 kV and 30 mA. The chemical composition was
investigated using X-ray fluorescence spectrosco-
py (XRF). Homogeneous individual samples of
mortar samples from Qasr Tuba were analyzed for
the major oxides by XRF (Shimadzu XRF-1800)
at 40 kV and 95 mA. The mineral quantity was
calculated based on the material balance equa-
tion, chemical analyses and mineral quality by the
X-ray diffraction patterns. The crystallography
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and morphology studies were conducted utilizing
a stereomicroscope and polarized microscope.
The analytical analysis included the compressive
strength of mortars, grain size distribution, spe-
cific gravity and water absorption, and water con-
tent. Mortar cubes and prisms were prepared and
cured for the compressive and flexural strength.
Preparatory tests were performed to establish
the mortar recipe the mineral content and mix-
ing ratio of which can mimic the original mor-
tar recipe. Material balance equation was used
for reverse engineering of the historical mortar.
The general equation of material balance for both
reacting and non-reacting processes is as follows
(Equation 1):
Accumulation within the system =
= (input through system boundaries) —
— (output through system boundaries) + (1)
+ (generation within the system) —
— (consumption within the system)

Material balance can refer to a balance on a
system for the total mass, total moles, mass of
a chemical compound, mass of an atomic spe-
cies, moles of a chemical compound, moles of an
atomic species, volume (Chierici, 1994).

Raw Materials

The following raw materials were purchased
and collected from the local market: limestone
(calcium carbonate), silica sand (glass sand) also
locally known as Swealeh sand, aggregates, ka-
olin clay, gypsum, plant ash, plant remains (straw)
and charcoal. A one-hundred-kilogram sample
of ground fine-aggregates (< 5 mm) consisting
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mainly of limestone was purchased from the local
construction market and used in mixes without
any treatment. The purchased fine aggregate was
sieved by sieve no. 100 and the passed powdered
material was discarded. Coarse aggregate, locally
known as Semsmeyeh, was purchased from the
local construction market and then washed with
tap water, air dried and stored to be used in mor-
tar and plaster mixes. A one-hundred-kilogram
sample of red medium sand stone (Swealeh Sand)
with median particle size of 36 mm was pur-
chased from the local construction market. The
biomass of Cypress trees was collected, fired and
reduced to ashes at the Royal Scientific Society
(RSS) laboratories; then, it was used in mortar
and plaster mixes. Natural straw was used in the
designed mixes to increase cohesion and prevent
crack development when in the hardened state.
The used straw was ca. 20 mm in length. Washed
coarse aggregate (Semsmeyeh), fine aggregate
(Swealeh sand), and coarse limestone powder
(from the type used in plaster’s first layer in Jor-
dan) were used in mixes. The physical properties
are listed below in Table (1), while the grading is
shown in Table (2).

The following natural processed materials
were purchased and collected from the local
market with construction or industrial grade.
A one hundred kilogram sample of hydrated lime
(Ca(OH),) samples was purchased from the local
market. Portions of this lime powder were soaked
in water to produce slaked lime and formulate
Lime Putty that can be used as paste in the mixes.
Lime putty was prepared by mixing and soaking
the hydrated lime in water by 1:1 weight ratio
for at least two weeks to achieve a good work-
ability. Table (3) shows the chemical composi-
tion for the used lime, industrial gypsum pow-
der (CaSO,.0.5H,0), quarts (SiO,), meta-kaolin,
grog, sodium hydroxide (NaOH), organic maters,
ash and carbon.

A one-hundred-kilogram sample of grog sam-
ples were purchased from local fired brick fac-
tory. The grog samples were prepared by grinding

Table 1. The physical properties of the used aggregate

damaged/ failed/ cracked/efflorescence fired clay
bricks and had been passed through 1.0 mm sieve.
The grog samples were mainly composed of fired
kaolin (meta-kaolin) clay material. A bag of 25 kg
industrial grade sodium hydroxide was purchased
from the local market. Moreover, a one-hundred-
kilogram piece of fired clay bricks was also pur-
chased from the local market to be used in testing
the physical properties of the formulated mortar
and plaster. The brick dimension was 5x7x20 cm.
In addition, steel prism (40x40x160 mm) and cu-
bic (70x70x70 mm) molds were purchased from
the local market for specimens casting.

Mix design

On the basis of the physical, chemical, char-
acterization and material balance analyses for the
collected historical mortar samples, various mix-
es were prepared and tested at the UKAS accred-
ited construction laboratories at RSS. The fresh
and hardened properties of the mixes were evalu-
ated in order to obtain the adequate proportions.

Table 2. The grading of the used aggregate

Aggregate Bulk Specific | Absorption | Fineness
Type Gravity (SSD) (%) Modulus

Coarse
Aggregate 2.66 1.4 -
(Semsmeyeh)

Fine
Aggregate 2.6 0.3 25
(Swealeh)

Fine Coarse .
aggregate Aggregate Limestone
Sieve No. | 299r€€ powder
Passing | (Semsmeyeh) Passing (%)
(%) Passing (%) 97
19 mm 100 100 100
12.5 mm 100 100 100
9.5 mm 100 100 100
4.75 mm 98 98 100
No.4 97 88 100
No.8 97 7 99
No.16 96 2 89
No.30 90 2 69
No.50 57 2 51
No.100 9 1 35
No.200 1 1 24

Table 3. The chemical composition of the used lime

Chemical Composition (%)
Ca(OH), 99.5
Sio, <0.01
MgO 0.35
ALO, 0.032
Fe,O, 0.074
SO, <0.01
Insoluble Matter <0.01
L.O.l 24.5
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All the designed mixes were studied thoroughly
and assigned as No. H1 to H12. The mixes were
left for more than 30 days in a steel mold. The
mechanical and manual mixing techniques were
used and evaluated to find the proper mixing
technique. The hardened mortar and plaster were
visually inspected and tested for density, water
absorption, shrinkage properties, microstructure,
thermal gravimetric analysis (TGA) and com-
pressive strength, chemical and physical char-
acteristics. Twelve trial mixtures with different
proportions were prepared in order to obtain the
best mixtures for site application. Table (4) below
shows the prepared mixtures and proportions.

RESULTS AND DISCUSSIONS

The historical mortars at Qasr Tuba show sig-
nificant differences in terms of bending materials
and in the way of application. The most important
feature of Qasr Tuba is the use of the lime-based
mortar in addition to the gypsum-lime based mor-
tar. The lime-based mortar consists of heavily
deteriorated greyish lime mortar with charcoal,

Table 4. Mixtures Proportions.

sandstone, and rock aggregate admixture, which
was used as embedding mortars for foundation
and joint mortars in the lowest parts of the build-
ing walls. Rock aggregates were collected from
the closest wadi. Furthermore, the gypsum-lime
mortar consists of the fresh gypsum-lime mortar
with admixture of grog and sandstone as well as
low rock aggregate and charcoal content that has
been used as joint mortars in the upper parts of
the building walls for baked bricks.

Omeri (2009) reported that different func-
tions determined the choice of the binding me-
dium. Lime was used within the lowest parts of
walls and potentially moist parts of the structure
or at the sides that are exposed to heavy rain.
The analysis of the mortar samples for miner-
alogical composition identification was com-
pleted using different analytical techniques for
comparison and assurance as well as to rebuild
a clear image of the original mortar formulation.
Optical microscopy (OM) of thin sections was
the first method of analysis applied to the Qasr
Tuba mortar samples. On the basis of the petro-
graphic study of JMUP (Fig. 3 and Table 5), the
cement material was a mixture of hydrated and

. Free Limestone Limestone Lime
'mg(' Water N?:)H S(agr;d 2 mm 8 mm G(rgc;g Putty /?;;] Gypsum (g) | Straw (g)
' 9 @) ) ©)

H1 60 6.0 450 300 1050 300 1800 - - -
H2 60 6.0 450 300 1050 300 1800 - - -
H3 60 9.0 300 - 1350 450 1800 - - -
H4 60 6.0 450 240 1050 300 1800 - 60 --
H5 60 6.0 360 240 1050 300 1800 - 150 -
H6 60 7.2 360 240 1050 360 1800 -- 90 --
H7 210 7.2 750 900 - 360 1800 -- 90 -
H8 60 - 360 240 1050 360 1800 7.2 90 -
H9 210 - 750 900 -- 360 1800 7.2 90 -
H10 60 - 380 270 1050 400 1800 8 -- -
H11 210 - 800 900 - 400 1800 8 --
H12 60 - 380 270 1050 400 1800 8 --

Notes:

(H1): Coarse mix with coarse aggregate.

(H2): Same as H1, but Swealeh sand and Limestone powder below sieve No.100 was removed.

(H3): Same as H2, but without Limestone powder and with more Semsmyeh, Grog and NaOH.

(H4): Same as H2, but Gypsum was added, and Limestone was reduced.

(H5): Same as H4, but Gypsum was increased, and Sand was reduced.

(H6): Same as H1, but Gypsum was added, Limestone and sand were reduced, and Grog and NaOH was increased.

(H7): Fine mix without coarse aggregate.

(H8): Same as H6, but with Ash instead of NaOH.

(H9): Same as H7, but with Ash instead of NaOH.

(H10): Same as H8, but without Gypsum.

(H11): Fine mix, with Straw and without Gypsum.

(H12): Coarse mix, with Straw and without Gypsum.
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anhydrate gypsum (around 50-60%) and slaked
lime (around 10-20%). The rest of the content
was sandstone, grog, rock fragments, and small
amounts of plant remains ash. The presence of
grog gives the red or flesh color to the mortar.
Moreover, the iron oxide that is associated with
clay minerals gave the color to the grog during
the preparation process.

On the basis of the petrographic study of
JMLP (Fig. 4 and Table 6), the cement material
was a mixture of slaked lime (around 30—40%) as
well as hydrated and anhydrate gypsum (around
5-10%). The rest of content was sandstone, grog
and rock fragments as well as plant remains ash.
The presence of plant remains ash and coal give
the grey color to JMLP.

In this study, the XRD patterns reveal that the
pozzolanic reaction of calcium hydroxide with

metakaolinite produced calcium silicate hydrate
(C-S-H) in the form of 5CaSiO,.H,0 (Xonotlite)
at 20 peaks 29.06, 31.70 and 36.04 (Fig. 5). In
addition, another pozzolanic product was formed
in the form of calcium aluminum silicate hydrate
(C-A-S-H) (Ca,AlSiO,.8H,0 (Stratlingite)) at
20 peaks 31.06, 35.92, and 48.40. It was found
that the Calcium Aluminum hydrate (C-A-H) ap-
peared in the XRD pattern of JMUP at 20 peaks
20.68, 31.06, 33.31, and 35.92. This result is in
line with Murat (1983). Moreover, Frias Rojas
and Cabrera (2002) compared the reaction of
1:1 hydrated lime to metakaolin blends at 23 and
60°C. They found that cementitious materials in
the form of calcium aluminum silicate hydrates
were formed. C2ASHS (stratlingite) and C4AH13
appeared at room temperature, whereas C3ASH6
(hydrogarnet) was obtained at high temperature.

Figure 3. Microscopic images of joint mortar for baked bricks at upper part of walls in Qasr Tuba.
(A) Polarized optical microscope photo X40 XPL of thin section. (B) Stereoscopic optical microscope
Photo X14. The matrix consists of a mixture of slaked lime (SL) and gypsum (G) as cement
material and sandstone, as well as coarse quartz (C-Q) with little amount of rock aggregates.

Figure 4. Microscopic images of mortar which were used as embedding mortar for foundation and as joint
mortar for building limestone at lower part of walls in Qasr Tuba. (A) Polarized optical microscope photo
X40 XPL of thin section. (B) Stereoscopic optical microscope Photo. The matrix consists of slaked lime (SL),
sandstone, plant remains ash (Ah) and different rock aggregates such as Apatite (Ap) and course quartz (C-Q).

127



Journal of Ecological Engineering 2021, 22(3), 121-134

Table 5. Mortar composition and description for Qasr Tuba from the upper part of the wall.

Component Abundance % Description
Limestone Fragments 16 Very fine micritic L.St, almost less than 0.2 mm in diameter
Sand Grains (Quartz) 01
Slaked Lime 58
Crushed Fired Bricks 04

Irregular grains with no definite grain boundaries, their relative
Gypsum 20 high interference color of second and third order indicates its
transformation into anhydrous phase of Gypsum (Anhydrite)

Chert --
Plant Remains/ Coal 01

General Notes: Compacted

Table 6. Mortar Composition and description for Qasr Tuba from the foundation and lower part of walls

Component Abundance % Description

Very fine micritic L.St., some grains show recrystallization
and therefore it has polygonal structure

Sand Grains (Quartz) 02 Very fine silt sized
Occurs as massive matrix binding all components

Limestone Fragments 12

Slaked Lime 53 together. It reacts with HCI

Crushed Fired Bricks 20 Varies in size from 0.05 to 1.00 mm

Gypsum 01

Chert -

Plant Remains/ Coal 12 Black and brown color, some have internal biogenic plant structure

General Notes: It has compacted structure without voids or cracks

A) B)

G,Q,A

6000
3000 1

5000
2500 -

4000
2000 -
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1500 A

1{keps)

2000
1000 -
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5 10 1520 25 30 35 40 45 50 55 60 65 70 75 80 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80

206 28

Figure 5. XRD Spectra for the mortar samples from Al-Tuba castle (A) joint mortar for building baked
bricks at upper part of wall (B) mortar which have been used as embedding mortar for foundation
and as joint mortar for building limestone at the lower part of walls. Where C: Calcite, H: Halite,

Q: Quartz, G: Gypsum and P: Pozzolanic product (Calcium silicate hydrate), S: Pozzolanic product
(Calcium Aluminum silicate hydrate) and A: Pozzolanic product (Calcium Aluminum hydrate).

Pozzolanic Reactions through reaction with carbon dioxide (CO,) in
the atmosphere (Eckel, 2017). Therefore, us-

The hydraulic lime (calcium hydroxide) ing the hydraulic lime mortar is considered as
mortars SOlidify by carbonation via the conver- building an environment for sequestering the
sion of calcium hydroxide to calcium carbonate CO, gas, which has a direct impact on global
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warming. Moreover, a significant reduction in
CO, up to 225,000 tons would be achieved, if
lime was used (Harrison, 2005).

The materials that prompt hydraulic lime
mortars to set rapidly are known as ‘pozzolans’.
According to ASTM (C618), pozzolan is defined
as a siliceous and aluminous material that reacts
chemically with calcium hydroxide in the pres-
ence of moisture at room temperature to form
cementitious material. Naturally, pozzolans are
formed from the volcanic ejection material such
as scoria and pumice or volcanic tuff. Moreover,
metakaolin is a pozzolanic material derived from
brick dust from clay bricks fired at less than 950°C
and crushed fired-clay products (metakaolin),
such as rejected clay tile or brick (Rao, 2003;
Gibbons, 1997; Zampieri, 1990; Murat, 1983).

Metakaolin is a pozzolanic material too. It is
obtained by calcination of kaolinitic clay at tem-
peratures ranging from 700 to 800 °C (Equation 2)
(Zampieri, 1990).

AlSi,050H)s 2280 ALO,.28i0, + 2H,0

2

Kaolin Metakaolin

The hydration reaction of metakaolin takes
place at environmental temperature. The hydrated
products from reaction of metakaolin with calci-
um hydroxide are shown by Murat (1983) (Equa-
tion 3).

Metakaolin + Calcium Hydroxide
+ Water

Calcium Aluminum hydrate (C-A-H) 3)
+ Calcium silicate hydrate (C-S-H)
+ Calcium Aluminum silicate hydrate (C-A-S-H)

—>

Fourier transform infrared spectroscopy
(FTIR)

FTIR has been applied for the determination
of hydration products in modern cement (Hen-
ning, O. 1974). FTIR has also been used to distin-
guish the varieties of opal (non-crystalline silica),
quartz, Kaolinite, calcite, dolomite mica, and ha-
lide salts (Kourti et al., 2010; Rice et al., 1995;
Van der Marel and Beutelspacher, 1976).

The comparison of the FTIR spectra revealed
similarities between the mortar samples from
the Al-Tuba castle samples. JMUP and JMLP
show that the mortar samples contain appreciable
amounts of calcite, quartz, meta-kaolinite (in the
form of grog), organic matter (woods and plants

remain ash), chlorite, and water as well as gyp-
sum. Moreover, JMUP contains more gypsum
than JMLP. This was proven through the analy-
sis of the same samples by XRD and XRF as
shown below.

One possible explanation for the existence of
chloride is that the summer season is hot enough
to accumulate salts by evaporation of humidity
stored in the wall during the raining season and/
or wadi surface runoff. In addition, chloride salts
significantly contribute to the wind-blown dust
across the desert in the summer and fall. This
is in agreement with the previous studies which
were carried on the Nabatean mortars in Petra
(Omeri, 2009)

On the basis of the standard meta-kaolinite
FTIR spectrum that was prepared in this study,
the meta-kaolinite, which can be considered
as grog, has a main peak in the region between
1026.13 — 1180.43 cm! for Si-O-Si. Moreover, it
has Si-O bending vibrational band at 466.77 and
694.23 cm™! as well as Si-O-Al stretching vibra-
tional band at 798.53 cm'. Furthermore, AI-OH
inner peak between 3020 and 3749 cm™ is absent.
According to Kourti et al. (2010) and Van der
Marel and Beutelspacher (1976), kaolinite has
Si-O bending vibrational band at 420 and 460 cm™!
as well as Si-O-Al stretching vibrational band at
711.23 cm’. In addition, it has a very intense Si-
O-Si peak at 1032.75 cm™ and Al-OH inner peak
at 3618.87 cm™'. Therefore, the absence of AI-OH
inner peak from the investigated samples is a sat-
isfactory indication that the mortar samples con-
tain meta-kaolinite rather than kaolinite. This re-
sult is in agreement with the results revealed from
the XRD pattern which confirmed the absence of
kaolinite.

The FT-IR spectrum of the JMUP and JMLP
samples displays different common organic
characteristic bands (Fig. 6). The main broad
O-H stretch band at 3356.73, 3456.43 cm’'. An-
other O-H stretching peak observed at 2526.75,
2522.89 cm! for carboxylic acid compounds
in mortar samples. The transition band was ob-
served at 2951.09, 2912.51 ¢cm™ in a JMLP sam-
ple ascribing to the C-H stretching, with different
substituted bending-vibration peaks at 871.80 and
856.4 cm! for alkanes and alkenes structures, re-
spectively. JMUP and JMLP have many isolated
and conjugated compounds that contain differ-
ent types of double bonds bands at 11805.37,
1801.51, 1693.50, and 1743.65 cm™ for C=0,
1624.06 and 1639.49 for C=C stretching. The
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FT-IR measurement shows that JMLP has higher
organic matter (plant remains ash), chloride salt
and water content than JMUP.

Thermal gravimetric analysis (TGA) was car-
ried out to determine the sample loses at different
temperatures of mortar samples from the Al-Tuba
castle under the open atmosphere condition. The
weight loss of the sample indicates the fraction of
a sample that been decomposed during the pro-
cess (Samtani et al., 1996). The sample pattern
obtained from the thermal gravimetric analysis of
mortar samples provides qualitative information
about the thermal reaction processes by using the
oven methodology.

The TGA curve of the mortar samples (Fig. 7)
show that there is residual humidity (free water)
of mass loss at 105°C characterized by a drop-in
weight of 0.9% and 5.6% for JIMUP and JMLP,
respectively. There is a significant mass loss until
250°C by 9.9% and 5.2% for JIMUP and JMLP,
respectively. At this step, the loss was character-
ized by crystalline bound water (dehydration)
and some low temperature organic volatiles. In a
comparison between JMUP and JMLP, the mass
loss until 250 °C was higher in JMUP. One possi-
ble explanation is dehydration of gypsum, which
represents part of the cement material in JMUP.
There is no significant difference in mass loss oc-
curring from 250°C to 500°C between JMUP and
JMLP. During this step, almost total combustion
of any carbonaceous organic compounds occurs,
which are mainly derived from plant and animal
remains in the mortar samples. A second sig-
nificant drop, which ends at 750°C, is character-
ized by mass loss of 6.4% and 16.7% for J]IMUP
and JMLP, respectively. This is primarily due to
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dehydroxilation of the hydraulic lime (Ca(OH),)
and combustion of any residual carbonaceous
organic compounds decomposition of the pres-
ent mortar samples. Dabiri et al. (2010) reported
that dehydroxilation occurs at about 550°C to
700°C. Finally, as the temperatures increase be-
tween 700°C to 900°C, a mass loss of 0.9% and
2.3% for JIMUP and JMLP is observed, respec-
tively. This is mainly due to calcination and resid-
ual dehydroxilation. At this step, decomposition
of carbonates with the formation of oxides and
carbon dioxide occurs. The most notable metal
oxide of all formed by these reactions is calcium
oxide (CaQ), which is formed from the calcium
minerals present in the mortar in the form of cal-
cite (CaCO,). The sample weight seemed to be
constant after the temperature reaches 850°C. It
indicates that the process was already completed,
and the sample left is recognized as ‘ash’ (Levi-
enspiel, 1999). The TGA analyses of the mortar
samples give good indication that the cement ma-
terial that has been used in the JMUP was a blind
of hydraulic lime and gypsum while in the JMLP
was only hydraulic lime.

Material balances are an important step when
designing a new mortar mixture or reverse engi-
neering and analyzing an original historical mor-
tar. Material balances involve the application of
the law of conservation of mass, which states that
mass can neither be created nor destroyed. Thus,
total mass of input (oxides %) = total mass of out-
put (minerals %). The quantitative chemical anal-
ysis provides the basic information of the atomic
formula of a mineral (Dana, 1985).

The quantitative minerals content was recal-
culated for the JIMUP and JMLP samples based
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Figure 6. FTIR Spectra for the mortar samples from Al-Tuba castle (A) joint mortar for building
baked bricks at upper part of walls (B) mortar which were used as embedding mortar for foundation
and as joint mortar for building limestone at lower part of walls. Where Cal: calcite, Chl: chlorite,
D: dolomite, K: meta-kaolinite, G: gypsum, Q: quartz, OM: organic matter and W: water.
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Figure 7. Thermal gravimetric analysis (TGA) curve for mortar samples from the Al-Tuba
castle at various temperatures from ambient to 1000°C (A) joint mortar for building
baked bricks at upper part of walls (B) mortar which was used as embedding mortar for
foundation and as joint mortar for building limestone at lower part of walls.

on material balance (Table 8), the results of the
chemical analysis of the JIMUP and JMLP samples
(Table 7), the mineral quality by the X-ray diffrac-
tion patterns (Fig. 5), FTIR spectrum (Fig. 6), and
TGA curve (Fig. 7) as well as polarized and ste-
reoscopic microscope images (Fig. 3 and Fig. 4).
The results of the quantitative and qualitative
were in agreement and supported each other. The
JMUP sample represents the highest gypsum con-
tent and lowest quartz content. Furthermore, the
gypsum — hydrated lime ratio was 4:1.1t has a red-
dish color due to the iron oxide content, which is
associated with grog (metakaolinite). The JMLP
sample represents the highest hydrated lime con-
tent. The gypsum — hydrated lime ratio was 1:3. In
comparison to the aggregates content, the JMLP
has a high content of calcite, apatite, quartz and

plant remains (coal) up to 16.19, 2.55, 14.97, and
10.99%, respectively. In comparison to the re-
sults of material balances with X-ray diffraction
patterns, the XRD patterns reveal the absence of
metakaolinite, rutile, Hematite, alumina, and ash
while the chemical analysis and quantitative min-
erals calculation shows that these minerals are
present. This could be attributed to the fact XRD
cannot detect the amorphous material. Moreover,
the mineral content which is less than 3% is under
the detection limit of X-ray diffraction.

Table 8. Material balanced analyses were recalculated
based on the major elements chemical analysis data,
XRD results, FTIR spectra, thermal gravimetric analysis
(TGA) curve and the petrographic analysis under
stereo-microscope as well as polarized-microscope for
the historical mortar samples from Qasr Tuba

. . Mineral content JMUP JMLP

Table 7. Chemical analyses of total major elemental (%) (%)
composition and major acid soluble elements for the Quartz (Si0,) 4.10 14.97
historical mortar and plaster samples Metakaolinite (AL,Si,0,) 163 253
Specification TO:)?(Iicr‘nee;Jor Major ;;i;iessoluble Calcium silicate hydrate (C-S-H) 414 9.51
Oxide JMUP | JMLP | JMUP | JMLP Lime_ (Ca0) 1.90 124
(%) (%) (%) (%) Calcite (CaCQ,) 5.91 16.19

Sio, 7.06 19.11 0.02 0.02 Apatite (Ca,(PO,),) 4.06 255
ALO, 1.19 210 0.45 0.95 Gypsum (CaSO,.2H,0) 55.97 7.64
Fe,O, 0.48 0.91 0.33 0.82 Hydrated lime (Ca (OH),) 13.86 21.52

TiO, 0.09 0.19 --- --- Organic Matter (plant remains) 4.66 10.99

P,O, 1.86 1.13 - -—- Humidity 0.91 5.76

CaO 34.24 32.78 34.24 28.32 Ash (NaO+K,0+MgO) 0.28 2.65

MgO 0.56 1.23 0.56 1.23 Alumina (AlL,0,) 0.45 0.98
Na,O 0.06 0.00 0.06 0.00 Hematite (Fe,O,) 0.48 0.94

K,0 0.13 1.35 0.09 0.00 Rutile (TiO,) 0.09 0.19

SO, 26.02 3.35 - - %Total 98.44 97.66
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Mixtures results

At the beginning, the mixtures from H1 to H7
were prepared. The behavior at fresh state was
observed, while the properties at the hardened
state were tested. Afterwards, different modifica-
tions and trials were conducted in order to obtain
the required results. Table (9) below shows these
results. Compressive strength, flexural strength,
and bond strength tests were conducted at age
of 28 days according to the European-Jordanian
Standard (BS EN 998:2003, JS 10036:2007). The
proportions and components of mixtures were
modified according to the initial results obtained
for both coarse and fine mixtures.

CONCLUSIONS AND
RECOMMENDATIONS

Two types of mortar were used in Qasr Tuba:
(1) lime-based mortar was used for foundation and
joint mortars in the lower parts of the building
walls at gypsum — hydrated lime ratio of 1:3; and
(i1) The gypsum-based mortar was used as joint
mortars in the upper parts of the building’s walls
for baked bricks at the gypsum — hydrated lime
ratio of 4:1. In addition, the pozzolanic reaction in

Table 9. Results obtained for the considered mixtures.

the Qasr Tuba mortar produced a new formation
of 5CaSiO,.H,0 (Xonotlite), Ca,AlSiO,.8H,0
(Stratlingite) and calcium aluminum hydrate as a
secondary cementing mineral.

According to the results of both fresh and
hardened states, the following conclusions can be
drawn: NaOH cannot be used in any of the coarse
or fine mixes due to the white appearance on the
material surface. The gypsum addition with a
certain amount can enhance mixed cohesion at
a fresh state and reduce the crack appearance at
the hardened state. The addition of straw to both
types of mortar (coarse and fine) can reduce the
appearance of the cracks and, as a result, increase
the mortar durability. Only the mixes from HS
to H12 can be used at the site with special con-
sideration. The flexural strength, compressive
strength, and tensile adhesion strength for mixes
(H8, H9, H10, H11, H12) were very good values
for the no-cement mixes and above expectations.

In conclusion, using the hydraulic lime mor-
tar is considered as building an environment for
capturing the CO, gas. Therefore, developing the
codes of practice and disseminating results is a
rational action. In addition, the following recom-
mendations should be highly considered when
working at the site:

Mix Compressive Flexural Bond
Nam-e Fresh State Observations Hardened State Observations Strength Strength Strength
(MPa) (MPa) (MPa)
H1 Coarse agg. amount was less | -White appearance at samples surfaces. 0.3 12 Not
than that of original samples. -Alot of cracks. ’ ’ Applicable
H2 Coarse agg. amount was White appearance at samples surfaces. 0.4 10 Not
acceptable. -Alot of cracks but less than H1. ’ ’ Applicable
Coarse agg. amount was -White appearance at samples surfaces. Not
H3 0.3 0.7 )
acceptable. -A lot of cracks. Applicable
More cohesion between mix | -White appearance at samples surfaces. Not
H4 0.8 1.0 )
components. -Less cracks. Applicable
Workability decreased with -White appearance at samples surfaces. Not
H5 . o : 0.7 1.5 .
time, low workability. -Hairy cracks. Applicable
Good workability and good -White appearance at samples surfaces. Not
H6 . : 0.8 1.2 .
cohesion. -Hairy cracks. Applicable
Good workability and good White appearance at samples surfaces. Not
H7 . : 0.9 1.9 .
cohesion. -Hairy cracks. Applicable
H8 Good workabll{ty and good - No whlt.e appearance. 06 23 05
cohesion. -Hairy cracks.
Ho Good workabll{ty and good - No whlt.e appearance. 06 23 06
cohesion. -Hairy cracks.
H10 Good workablll.ty and good - No whlt'e appearance. 08 26 05
cohesion. -Hairy cracks.
H11 Good workabll!ty and good - No white appearance. 11 13 06
cohesion. -No cracks.
H12 Good workablll_ty and good - No white appearance. 09 13 06
cohesion. -No cracks.
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e All fine materials below sieve no. 100 should
be removed from the mixed compositions.

e Fine aggregate grading should be within the
acceptable ranges given in Jordanian stan-
dards. Any changes can highly affect the mix
performance.

e Aggregate moisture content should be con-
sidered during site mixing, since any increase
in the water amount will reduce the mortar
strength.

e A brick must be soaked in water to saturation
before mortar application.

e [tis recommended to make trial mixtures from
the materials available in the project site, to
make sure that mortar performance is the same
as the mixes prepared in the lab, otherwise,
some modifications may be required.
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