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ABSTRACT

Most structures in a petrochemical complex areyfaH partially constructed by reinforced concrete
and since in this environment various high corresivaterials exist, these structures must possess a
durable behaviour during their service life in arde perform satisfactorily. In this study, some
reinforced concrete structures of a petrochemioaipex in Shiraz city of Iran have been evaluated.
First of all, a thorough visual inspection (in erdo observe different deterioration mechanisms)
accompanied with a comprehensive set of convertiemperiments in assessing durability of
concrete (such as water absorption, carbonatiothdeelectrical resistivity, half-cell potential p&)
were carried out. It was concluded that a petroctencomplex provides a harsh environment from
durability of concrete point of view. Second of, appropriate repair schemes according to the exten
of damages to different units were discussed. At, laome useful recommendations about the
maximum w/c ratio and concrete cover of reinforcetrer designing structures in such environment
were provided.
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1INTRODUCTION

Most of the structures in a petrochemical complex fally or partially constructed by reinforced
concrete. Therefore, the concrete should be spdcifiith special measures to resist deterioration
when placed in a harsh environment to help ensuwrdong-term performance of such structures. This
becomes even more important knowing that in suchemvironment, in addition to carbonation
(ordinary corrosion-induced phenomenon in offskatractures), the rate of concrete deterioration is
greater than usual because of the presence ofyhégfgressive chemicals such as ammonium nitrate
and chloride. Moreover, due to the short distanbesveen different units of a petrochemical
complex, each unit discharging gases may affectitinability of the concrete in adjacent units.

In the following sections of this paper, the présamdition of concrete in three operational upits
petrochemical complex is first investigated, whiekegill be seen that the different units experiethee
high level of deterioration; for this purpose afeercomplete visual inspection of the structures,
common tests such as density, water absorptiorebaudrical resistance were performed on several
extracted concrete cores. Secondly, three repdimadelogies for these three units will be proposed.
Finally, some useful recommendations about theratio and concrete cover of structures in such
environment will be presented. As well, the prokahteraction between adjacent units that occurs in
a petrochemical complex was also considered.

2 ANALYSESOF DAMAGED STRUCTURES
2.1 Ammonium Nitrate Unit

The ammonium nitrate unit is located at the ceotrfe petrochemical complex and consists of three
main parts: (1) Prill tower and its upper struct(ifegure 1); (2) Accessing concrete tower which is

built to provide accessibility to the prill towey means of an elevator and staircase; (3) Two steel
structures.

Although a protective epoxy coating was applieccémcrete surfaces, the prill tower nonetheless
showed severe deterioration due to the long tingosxre to ammonium nitrate. Damages were
mainly softening of concrete (to the extent thareextracting cores from the tower’s foundation was
not possible) and removal of concrete cover (FigRyeTherefore a thorough investigation was
performed to assess the causes of these damageaksaride level of deterioration.

One of the products of a petrochemical complexhisndcal fertilizer which is often sold as small
particles known as prills. These small particles produced by converting liquid ammonium nitrate
into solid granules. This conversion process isémented in a tall tower called a prill tower (Figu
1).

Ammonium nitrate is very corrosive to concrete [Bailder & Chen 2004; Schneider & Chen 1999;
Schneider & Chen 1998] and continuous exposur@otrete to this chemical leads to dissolution of
cement-based materials. The simplified reactioragqgu is the following:

2NH4N03 + Ca.(OH)Z — Ca.(N03)2+ 2NH3 + 2H20 (1)

The reaction products are ammonia and calciumtajtsahich are both easily soluble in water. As a
result, in the presence of water or a damp enviemnand due to the removal of these products,
concrete permeability will be increased. Besidésisiclear from the aforementioned chemical
reaction that ammonium nitrate decalcifies hardeoemient paste due to the removal of calcium
hydroxide (Eq. (1)). This results in dissolution ather products of the hardened cement paste and
leads to a reduction of the pH-value. ConsequestBel reinforcement corrosion may occur at an
accelerated rate. As well, the deterioration of teenent-based material will be intensified and
accelerated, when the material suffers under aoswe attack accompanied by a mechanical load
([Schneider & Chen [2004]).
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Figure 1. The ammonium nitrate prill tower. Figure2. Destruction of concrete cover.

The results of density, compressive strength, walsorption and electrical resistance of concrete
cores extracted from the tower are presented iheThblt is obvious that concrete of the foundation

has a worse quality in comparison with concret¢heftower’s body. This also justifies the higher

level of deteriorations in the foundation (even ghng from the foundation was not feasible because
of loose concrete).

Although, concrete has been decalcified up to aBobunhm from its surface, reinforcement corrosion
was negligible along the ammonium nitrate prill &ow

Table 1. Results of different tests on extracted cores fitoenammonium nitrate prill tower.

_ Half an hour  Saturated Electrical  Compressive Carbonation
Cores Density water water : depth
) 3 . . resistance strength
location (Kg/m’)  absorption  absorption (kQ-cm) (MPa) (mm)
(%) (%)

Ammonium
nitrate tower 2318 1.9 5 4 18 30
body
Ammonium
nitrate tower 2055 4 10 1.5 19 -
foundation

2.2 Chloride Unit

The chloride unit is located at the northern pérthe petrochemical complex. Most columns of this
unit’'s structures are constructed by reinforcedceete. High concentration of chloride ions in the
atmosphere of this unit was the most importantifigdbbtained from the visual inspections; these
results served to confirm the high degree of detation that was evident on the different concrete
elements. Figure 3 presents a column of this trig.obvious that the concrete cover has beetiyota
removed and reinforcement corrosion is observed.
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Figure 3. A view of supporting columns of the structure bfazine unit.

Results of different laboratory experiments on théracted cores with in-situ measurements of
carbonation depths are summarized in Table 2. Besohfirm the poor condition of the concrete.

The depth of carbonation is rather high and acogrdo Figure 4, carbonation phenomenon has
pushed the maximum peak of diffused chloride ianmfrsurface of concrete to its depth. Moreover,
the concentration of chloride ion at the locatiémhe reinforcement bars (40 mm depth) is far belyon

the chloride threshold value ([Pargar et al. [2007herefore, reinforcement corrosion is highly

probable. This was in complete agreement with dselts of visual inspection and half-cell potential
map (changing of absolute potentials along a sk®tance is an obvious indication of steel

corrosion).

Furthermore, according to different measuremehtscbncrete cover of the columns in this unit was
about 4 cm which is clearly not sufficient from arability point of view given the extremely harsh
environment to which the structure has been sudgject

Table 2. Results of different tests on extracted cores filmenchloride unit.

Carbonation

Dersit Half-hour Saturated Electrical  Compressive denth
(Kg/m?})/ ab;voarﬁoetrion abgiﬁrion resistance strength (r?‘pm)
(% (% (kQ-cm) (MPa)

2269 2.6 55 35 15 30

0.5
0.4
™
: 1N
G 0.2 \
0.1 \ “/ \.\
O >
0 20 40 (1) 80 100 120

Depth (mm)

Figure 4. Chloride diffusion profile of a selected column.
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Figure5. Half cell potential map of a selected column.

2.3 Cooling Tower Unit

This unit is located at the north western parthaf petrochemical complex and next to the Chloride
unit. The function of this unit is to reduce thenteerature of water gathering from cooling systefns o
different units by spraying it from the top to thettom of the cooling tower. As the drops of hot
water fall, they evidently lose temperature. Theref high humidity conditions exist where water is
sprayed and the concrete is thus almost near tiueatan limit for large areas of this structure.
Concrete elements of this unit consisting of peiphframes such as columns, beams and walls are
pre-fabricated and the columns rest on pedestatsatie almost two meters in height (Figure 6).

Figure 6. A view of the cooling tower unit.

In some of the columns and walls of this unit, lismginal cracks with almost 2 mm size were
observed (Figure 7).

In Table 3 average test results of concrete coxémated from the cooling tower unit and also
carbonation depth measurement are presented. Agnshbe water absorption factor is high and
specific electrical resistance of concrete is IoMhese results together with those obtained for
compressive strength and depth of carbonation @telian inappropriate quality of concrete used in

this complex.
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Various studies have suggested that different ¢elifpotential ranges should be considered instead
of absolute potential values in order to deterntiveelocations of “high-probability” corrosion adtiy
within a reinforced concrete structure [RILEM TC4iBMC 2003]. Figure 8 displays half-cell
potential contours of a wall which exhibited mamnditudinal cracks that likely originated from
reinforcement corrosion. In this figure, high fluations of potential values in both ends of thel wal
were observed which is indicative of a high likelild of the presence of steel corrosion.

Figure 7. Longitudinal vertical cracks of almost 2 mm simeiselected column.

As it was mentioned earlier, this unit is locatezkide the chloride unit and because of the high
concentration of chloride ions in the atmosphergheflatter unit; the chloride-induced corrosioscal
threatens the durability of concrete in the cooliogrers unit. Figure 9 provides an overview about
the penetrating chloride ion to the concrete oneatarn wall of the cooling tower unit. As was the
case in Figure 4, the existence of carbonation @menon is apparent since the maximum peak of the
curve is transferred from surface of the concretést depth. Chloride content is somehow high. At
the location of bars (40 mm depth) chloride conthépproximately 0.06% by weight of concrete
which is very close to chloride threshold valueliserved. Meanwhile, results of chloride profile of
the farther units from the chloride unit showedttel amount of diffused Chloride. Therefore, the
hypothesis of occurring interactions between adjaamits is highly presumable and should be
considered in designing or at least allocatingisigiiit distances between different units.
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Figure 8. Half cell potential map of a the western wall lo¢ itooling tower unit.
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Table 3. Results of different tests on extracted cores fiioencooling tower units.

' Half-hour Saturated Electrical Compressive Carbonation
Density water water resistance strength depth
(Kg/nr) abs?%tlon abs?r%?tl on (kQ-cm) (MPa) (mm)

2185 2.5 7.4 4 17 30

0.1
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g 0.06 ~
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Depth (mm)

Figure 9. Chloride diffusion profile of a selected wall.

3 PROPOSED REPAIR METHODOLOGIES

1) For the ammonium nitrate unit in which the concretes decalcified to a depth of 30 mm from its
surface but for which reinforcement corrosion was esbserved, the best repair scheme would be
to remove concrete up to 30 mm depth and replawitiy a high quality and compatible repair
material [Vaysburd et al. 2004;Moragn 1996]. ThHiswd be followed by placing a protective and
breathable coating on the exposed surfaces.

2) As was the case for the ammonium nitrate unitttiercooling tower units the best repair method
would be local patch repairs. But in some locatiohshese units, reinforcement corrosion was
observed and in some regions the chloride conteptaximity to the reinforcement was around
the threshold value. Therefore, not only must tbetaminated concrete be substituted by high
quality and compatible concrete, but the corrodsdforcements must also be replaced by new

rebars.

3) Most parts of the concrete structure of the chboniohit are contaminated by chloride ions far
beyond the threshold value and up to 8 cm deptim fite surface; reinforcement corrosion was
observed to be well developed. Therefore it wowddhiore cost-effective to build a new chloride
unit than perform repair operations; in any cas@rability parameters should be taken in to

account.
4 CONCLUSIONS AND RECOMMENDATIONS

In this study the durability of some reinforced caate structures forming part of a petrochemical
complex and which showed early signs of deterioragince their construction were investigated.
Results indicated various levels of deterioratioe tb different exposure conditions. The study was
useful in that the results help further emphadiz¢ €nvironment conditions in which a structureois
perform should be thoroughly reviewed during degigacess to subsequently ensure satisfactory
performance of such structures during its lifetibéregarding basic principles of durable strudtura
design, may in fact lead to over expenditures f@nmture repairs during its utilization simply to
ensure that it is maintained in an operational mode
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The investigations carried out in this study helpedfirm that a concrete cover of 4 cm was not
adequate for the aggressive environment in whighphtrochemical complex operates. In addition,
results of water absorption, electrical resistivatyd compressive strength tests suggest that the w/
ratio used in the mix design was too high.

In conclusion, it is recommended that the petrodbehtomplex environment be considered as a
harsh environment from durability of concrete poifitview. Since there is no specific code and
recommendations in this case, given value of nolioacrete cover (65 mm) provided in ACI
357R84 for a wall located in splash and atmosphamie is highly recommended. It should be noted
that concrete covers of reinforcement should nagigeificantly greater than the prescribed value to
restrict the width of possible cracks. This would mmore critical for those members in flexure.
Moreover the concrete must be of low permeabiligréfore the w/c ratio must not be taken too high;
a maximum w/c ratio of 0.4 is recommended (thi¢his value given in ACI 201.2R-01 for class 3
exposure to sulphate attack).
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