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Environmental concerns about the integrity of manure storage facilities have been raised

in many regions across the country. Often concerns regarding potential leakage have

motivated the public to resist the development of large-scale agricultural facilities. A

recent survey performed by the Ministry of Agriculture, Fisheries and Food in Quebec

reported that of the 28 concrete tanks that have been inspected, 23 tanks show serious

deterioration of the walls (i.e., vertical and horizontal cracks).

Increasing concerns on the storage of hog manure waste is becoming a problem due to

the increase in the level of production in the hog industry. Another enoÍnous problem

arising in the hog industry is the leakage or seepage of liquid manure entering our

drinking source supply (groundwater). The cause of these problems has introduced the

design and the construction of the tanks to be more impervious in nature. This has

augmented the use of steel-reinforced concrete for hog-manure storage tanks above

ground. The challenge of reinforced concrete is its long-term stability, which controls the

so-called durability or service life of concrete structures. Due to the aggressive

environment associated with manure storage, concrete may be wlnerable to chemical

attack such as carbonation and chloride contamination, which breaks down the alkaline

barrier in the cement matrix. Eventually, this will lead to steel reinforcement in concrete

structures to possess such vulnerability to rusting and corrosion. Due to the physical and

chemical attributes associated to steel reinforcement corrosion which the rates can be

accelerated more under severe conditions. These impacts will lead to further cracking and

spalling of concrete and even delamination of the concrete at the reinforcement level.

These deterioration rates could lead to a significant mechanical weakening and finally to

a relatively short service life of the tanks. This dilemma causes another path of approach

to be taken in the design of the reinforced concrete tank due to the corrosion of steel. A

possible solution to combat reinforcement corrosion is the use of non-corrosive materials

to replace conventional steel in which case will extend the service life of the structure.

For these reasons, high tensile strength, lightweight, adequate ductility, corrosion
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resistance and high degree of chemical inertness to most civil engineering environment,

makes FRP ideal for such applications (reinforced concrete manure storage tank).

The purpose of this research program is to determine and to asses the suitability of

innovative design procedures for reinforced concrete manure storage tanks using

advanced composite materials (FRP) as the internal or external reinforcing element.

The experimental work was designed to determine the effects of environmental exposure

on long-term performance of various reinforced concrete structural elements (concrete

reinforcement combinations) for use in hog manure tank applications. The environmental

exposure includes chemicals in liquid manure, temperature and moisture, over the

duration of contact of structural elements with hog manure. The effects considered

include changes in physical and mechanical properties of the structural elements. The

experimental program considers methodologies (test conditions) to accelerate the

degradation phenomena in reinforced concrete. Acceleration in the experiment has been

achieved by using elevated temperature and exposing the structural elements to wet/dry

cycles. In addition the manure in contact with the reinforced concrete elements was

changed every two weeks to prevent a rise in pH and the increased concentration of the

concrete decay products, maintaining the relative high reactivity of the manure with

respect to reinforced concrete.

Three variables were considered in the experimental study: 1) reinforcement type; 2) type

of protective isolation of reinforced concrete; and 3) duration of exposure of the

reinforced concrete to manure.

For the first experimental progam the focus was on steel rebar (the reinforcement

currently used in all designs for manure storage tanks) and on three tlpes of glass fiber

reinforcement polymers that are the least expensive and have a great potential to improve

significantly the service life of these tanks. The GFRP materials under investigation were

GFRP C-BAR bar, GFRP ISOROD bar and GFRP spray composite. The tensile tests

were performed on these different tlpes of bars after exposure to a manure environment
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for 4, 8, 12,78 and24 months and benchmarked against control samples. Changes in the

mechanical properties such as: yielding strength, ultimate strength and elastic modulus of

the reinforcement bars due to exposure were investigated. The analysis of the results is

discussed in terms of stress-strain behaviour for each type of reinforcement bar.

The second experimental program consisted of different combination of internal

reinforcement bar and external protective cover for reinforced concrete beams. A

modified mechanical cantilever test were performed on all beams, they were designed

according to Canadian Code Standards. They were designed to ensure that the only

possible mode of failure of the reinforced concrete beam is flexural failure with rupture

of the reinforcement. Three different cover schemes were implemented: 1) concrete

beams not covered with any protective materials to simulate real-life conditions where

the reinforced concrete is in direct contact with manure; 2) beams sprayed on the four

vertical sides and the bottom face of the beam with GFRP; and 3) beams covered on the

four vertical sides and the bottom face of the reinforced concrete beam with PVC plates.

The geometry of the concrete beam reinforced with a single longitudinal bar used in the

experimental program insured that the only mode of failure would be flexural failure. The

geometry consists of a cross-sectional area of 170 mm x 170 mm and the length of 1000

mm.

Analysis of the test results for the reinforced concrete beams was discussed in term of

load-deflection behaviour, failure mode, and cracking pattern. Test results have shown

that the beam exposed to manure for there various time of exposure (up to 24 months)

minor changes in their mechanical and physical properties when compared to the control

beams. All beams were loaded in a modified cantilever method until failure. Special

emphasis was given to the behaviour at cracking, after cracking, ultimate capacities,

mode of failure and the crack width for the beams. The flexural test results on the

reinforcement concrete beams showed an increase in the cracking load in the first twelve

months of exposure. The substantial increase in cracking load was due to the continuous

development of cement hydration process, which increased the compressive and the
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tensile strength of concrete. All beams failed by flexural failure and no slippage of the

reinforcement occurred. No significant changes in load-deflection behaviour of steel-

reinforced concrete beams due to exposure conditions were observed. Reinforced

concrete beams sprayed with GFRP performed the best among structural elements

considered in the study. In addition to the increase in the beam strength, the sprayed

GFRP acted as a secondary protection layer for the reinforcement. The results of the

experimental study in stress-strain behaviour suggest that the GFRP have a higher

resistance to degradation than steel in a manure environment. Consequently, penetration

of the manure into concrete through diffusion of through the inherent cracks that occur in

concrete will have little influences on the degradation of GFRP reinforcement bars.

Furthermore, the manure-pore water exchange that will take place during tank operation

will not sustain the high alkalinity in concrete over a long period. The results indicate that

the GFRP is an appropriate material to replace steel reinforcement in the construction of
the reinforced concrete tanks.
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1.1 Background

Concrete is being increasingly used for agriculture structures because, in comparison with

other materials of similar or higher strength and./or impermeability characteristics, it is
easier to manufacture and lower in cost. Reinforced concrete is commonly used for

flooring animal houses and for forage conservation in silo tanks. During recent years,

there has been increasing environmental consciousness regarding use of earthen lagoons

for manure storage; this has augmented the use of reinforced concrete for hog manure

storage.

The challenge of reinforced concrete is, in all these cases, its long-term stability that

controls the durability or the service life of the structure. Any improvement in the service

life of a concrete structure will secure safer operation with fewer possible injwies to the

animals, and commercially, will permit producers to amortize their capital cost over a

longer period, reducing their cash flow.

Because no significant deterioration of existing newly built concrete tanks for hog

manure has yet been observed, the industry believes that there are no problems with the

use of reinforced concrete for hog manure tanks. It is true that early in the life of a

concrete structure, it is difficult to identify the degradation effects. However, degradation

processes are generally present even when no apparent damage can be recognized. Loss

of durability of reinforced concrete results from numerous external and internal causes.

External causes can be physical (stresses, particularly tensile stresses), chemical (a series

of chemical such as acids, salts, alkalis, etc.) or mechanical (stress corrosion). Internal

causes are associated with the permeability of concrete, the differential thermal expansion

of components and probably most important, the electrochemical corrosion reactions of

steel.

In a recent publication by Agricultural Technical Information Services (AgTIS), based on

a survey performed by the Ministry of Agriculture, Fisheries and Food in Quebec, it was
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reported that of the 28 concrete tanks that have been inspected, 23 tanks show serious

deterioration (i.e., vertical and horizontal cracks) of the walls (AgTIS, 2002).

An other survey of the degradation of concrete floors in pig houses in Belgium, for

example, indicated that even concrete slabs cast by specialized manufactures showed

degradation within few years ( De Belie, 1997). The percentage of farmers that noticed

concrete wear in relation of the concrete slats and solid floors, in the above-mentioned

study, is presented in Table 1.1.

Table 1.1 . Percentage of farms with concrete degradation and slat replacement related to

floor age (after De Belie).

Floor age

(years)

2

Slat

Degradation(%)

5

l5

Significant degradation of concrete has been noticed by five years of service: 40 o/o slat

degradation and 16 % solid floor degradation. The degradation of both slat and solid floor

was quite advanced, 87 %o and 59 yo, respectively, after relatively short age, i.e., 15 years.

After only 25 years almost 50 % of the installed slats required replacement.

In conventional reinforced concrete construction, a significant segment of the cross-

section of a beam is used solely for location and protecting the steel reinforcement

against corrosion. However, this protection diminishes or vanishes in concrete with the

presence ofchlorides or an advanced degree ofcarbonation. Once the aggressive species

entering the concrete reaches the reinforcement, corrosion is more likely to begin a chain

of degradation processes that will affect the safety and serviceability of the structure. The

2

25

15

Solid floor

Degradation (%)

40

87

Slat

Replacement (%)

T6

59

1

1,6

49



reinforcement cross section diminishes, the concrete cover cracks (steel corrosion

products have volume two or fow times larger than the metal from which they form) and

the steeVconcrete bond is weakened. In briet the bearing capacity of structural elements

with corroded reinforcements is reduced and their service life consequently shortens

(Clark and Saifullah,l994; Rodriguez et al., 1996; Cairns, 1998). It is well known that the

weakest part of modem (high performance) concrete is the reinforcing steel, because it is

unstable and tends to be oxidized.by oxygen or other substances. A suitable schemes for

the service life of corroding structures suggested by Tuutti, (1982) is presented in Figure

1.1.

qt
otr
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lÈr
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()
¡r
ÞD()
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Life time (time before repair)

The model proposed by Tuutti describes corrosion in two parts: 1) initiation period in

which external aggressive species enter the concrete cover, and 2) a propagation period

which starts when the steel reinforcement depassivates. Bamforth (1993) proposed a

model for reinforcement degradation similar to Tuutti's model but slightly more

elaborated. It should be emphasized that Tuutti's model is a conceptual device. The

Figure 1.1. Tuutti's models of service life.

Time (vears)



deterioration process is much more complex than can not be described by a linear rate,

and the deterioration rates for both periods depend on a very large number of factors.

Some of these factors are correlated and some processes are coupled.

The construction industry is urgently in need of alternative materials to steel

reinforcement that are more resistance to corrosion in order to secure and extend the

service life of reinforced concrete structures exposed to aggressive environments. In

recent years, Fiber Reinforced Polymers (FRP's) have received much attention as a

reinforcement alternative. These fibers are non-corrosive, have high tensile strength and

are electromagnetically neutral.

Acceptance of these materials for a given civil engineering structure will ultimately

depend on their long-term durability under a specific set of conditions (applications).

Accurate estimation of service life of any concrete structure requires considerable

knowledge of materials behaviour, damage tolerance, performance goals, and above all

the degradation mechanisms of both components of reinforced concrete, i.e., concrete and

reinforcement. V/ithout knowledge of the degradation mechanisms of reinforced

concrete, no substantial and long-lasting structural element can be designed.

Because the history of concrete storage tanks is short (in the range of five years) relative

to the required service life, there is no empirical database that provides adequate

information regarding the behaviour of reinforced concrete. Limited data have been

published on the performance of concrete used for animal houses or silo storage tanks.

However, a large body of scientific data has been published on the degradation of

reinforced concrete used in industrial structures. Although these systems can be quite

different in their functions, the basic concepts governing the mechanisms of reinforced

concrete degradation are similar. The present review was based on data derived from

technical research papers that describe the degradation process of reinforced concrete

used in a wide range of applications. Following the background chapter, the

environmental condition for agricultural structures are presented, and the current designs

and tanks for the manure storage facilities structures.



1.2 Environmental CondÍtions for Agriculture Structures

The most corrunon practice in the hog industry is to use under-floor pits for manure

collection, then temporarily stored in earth lagoons or, more recently, in above ground

concrete tanks. In both cases, the manure must be effectively contained and managed,

usually by land spreading, to avoid pollution. Studies on the distribution of solids,

organic matter, pH, and ammonia in fresh swine manure showing that the pH becomes

lower as the manure solids become more concentrated, decreasing with time as the

manure decomposes. The solids content and temperature of the manwe largely affect the

kinetics of manure decomposition. A typical composition of swine manure slurry is

shown in Table 1.2 (Masse et al., 1997).

The main characteristics of the manure that will affect the concrete pore solution,

concrete degradation and reinforcement degradation are the neutral pH and high

alkalinity level. Analysis of the dry matter in liquid swine mamre indicates that it

contains a number of elements such as: P, Ca, Mg, Cu, Zn, Mn, Fe, K, B and S. The

concentration of these elements was found to vary with the depth in the manure tank.

Significant amounts of aggressive acids are formed in spilled meal-water mixtures,

especially in front of wet-feeders in pig houses. Chemical analysis of samples taken from

the floors in pig houses showed that acetic and especially lactic acids are formed in meal-

water-mixtures, resulting in a pH values below 4.5. Lactic and acetic acid appear to be

present in high concentrations and are considered the main cause of severe concrete

attack in front of the wet-feeders. In addition, other volatile fatty acids were found in

smaller amounts along with aggressive ions such as NlI4*, ly'rg2*, Cl- and SO¿-2.

Silage effluent, a surplus liquid release from wet storage during the ensilage process,

presents similar characteristics to spilled meal-water mixtures; the silage efÍluent contains

a range of organic acids (e.g., lactic acid, acid acetic and other volatile fatty acids) and

tl,pically has a pH value of approximately 4.



Table 1.2. Composition of Swine Manure (after Masse et a1.,1997)

Total solids (%)

Total Suspended Solids (%)

Constituents

Volatile solids (%)

Volatile suspended solids (%)

Soluble chemical oxygen demand(CODXg/L)

Total COD (g/L)

Ammonia nitrogen (NH4-N) (g/L)

pH

Concentration

MeantS.D.

Alkalinity (eCaCOtlL)

Acetic acid (g/L)

Propionic acid (glL)

4.8+0.12

Butyric acid (g/L)

3.6.0.20

Cellulose (%TS)

3.0+0.16

Hemicellulose (%TS)

2.6+0.30

Lignin (%TS)

39+9.00

Carbon (%VS)

84+10.0

Nitrogen (%VS)

I o/oOxygen: l00o/o - (%oCarbon+ %Nitrogen + %Hy&ogen)

5.8+0.40

Hydrogen (%VS)

7.4.0.30

Oxygen (%VS)l

19.0x2.70

6.3+0.40

1.9t0.15

2.5

2.43

4.15

1.31

38.1 8

4.69

6.10

51.00



In summary, the chemical components of manure, spilled meal-water mixtures and feed

silage effluent in silos create very aggessive environmental conditions for most of the

reinforced concrete structures used in agriculture. Changes in other environmental factors

such as temperature (freezing/thawing cyclic), moisture content (cyclic weldry

conditions during different hydraulic loads, i.e., fulVempty), do affect the performance of

concrete and reinforcement, but there is no quantified information available on such

effects.

1.3 Current Design for Manure Storage Facilities Structures

Traditionally, hog manure is stored in lagoons. To improve manure management (and

remain environmentally responsible) when land application is not possible, aboveground

structures are increasingly used to store liquid manure.

These are several aboveground structural designs in use today. The most coÍtmon shape

of aboveground structures for manure storage is cylindrical; evenly distributed loads on

the cylindrical wall substantially diminish the bending moment. There are two main

structural components of a tank: the floor, and the wall with its footing. Often, the two

components are constructed separately but the system, as a whole should be watertight to

prevent pollution of groundwater and corrosion of the reinforcing steel. However, the

major structural component that varies from one design to another is the tank wall.

Several loads can act on the tank at a given time and their magnitude depends on the

design and construction of the tank as well as on the environment in which the tank

functions. Among the most significant loads are the liquid manure pressure, ice pressure,

groundwater pressure, water table uplift, soil backfill pressure, and vehicular loads. In

addition to the dead load, the most important load for which the walls of cylindrical tanks

are designed is the circumferential (hoop) load. Generally, the hoop tension is a function

of the pressure on the wall and the support at the bottom. Outward pressure on the tank

wall is induced mainly by the manure weight and, during the winter, by both liquid



manure and ice. The magnitude of hoop tension produced by the liquid manure depends

on the tank capacity and geometry (diameter and height), manure specific weight and the

ice thickness. For example, for a tank with D: 16.00 fn, H: 2.50 m and a wall thickness,

t: 0.02 m, (Jofriet at all., 1995) calculated hoop tension values in the range of 29 to 94

kl.l m-r along the tank height. Carrier et al.(l995) estimated ice thickness values - 0.34 m

at Quebec city, - 0.16 m at Guelph, -0.53 m at Winnipeg and 0.51 m at Saskatoon.

Based on these values they suggest that a uniform pressure of 50 kPa over the thickness

of the ice at the centre of the tank (or a pressure varying linearly form a maximum of 50

kPa at the surface to zero at the bottom of the ice) should be considered present at the

wall in the design of a tank.

Several designs are presently used for manure storage tanks. Each design presents its own

advantages (technical and/or economical) as well as drawbacks. In this section are

presented briefly the main characteristics of each type of manure storage facility,

focussing on the new trends in design and construction of manure storage tanks. This

section presents only some general technical information on manure storage facilities

gathered from various construction companies.

Earthen manure storage (lagoon) - In areas with soils high in clay content, i.e., > 30o/o,

earth manure storage is the preferred facility because of its low cost. When the soil at the

site is not suitable, a lm clay layer, compacted to secure a very low hydraulic

conductivity oî - 10-e m s-1, is used as a liner. The dimensions of a typical storage lagoon

are: 43 to 244 m long, 43 to 55 m wide and 3.7 to 4.9 m deep. Generally, the lagoon is

formed from two cells. The manure is collected in the first cell, about Yc of the total

volume of the lagoon, where it is kept agitated, and the liquid overflows to the second

cell. These facilities are usually designed for 400 days of production. In addition to

compacted clay, PVC (30 mil), geotextile containing bentonite, and more recently high

density polyethylene, are used as the impermeable layer.









The panels are lifted into place, and horizontal ducts in the panel walls allow them to be

post-tensioned horizontally after they are installed and joined to form a continuous wall.

The provision of vertical pre-tensioning and horizontal post-tensioning provides a high

degree of crack control in the reinforced concrete. The precast panel is designed to be

under compression in both the vertical and horizontal direction when the tank is full. The

high durability concrete of both floor and wall, combined with vertical pre-stressing and

horizontal post-tensioned design of the panels, ensures structural integrity of the tank in

most critical operating conditions.

Cast-in-place, OCTAFORM (PVC) reinforced concrete tank - Essentially, this

design is very similar to the standard cast-in-place design presented above. The

difference is that the casting forms for this design are PVC panels of a special profile and

joining system (known as the OCTAFORM system) which remain in place after the

concrete is cast. The height of the panel' is 4.877 m. Since the thickness of the wall is
variable, tanks of various capacities can be built by adjusting the diameter. A typical cast-

in-place ocrAFoRM reinforced concrete tank is presented in Figure 1.5.

From a structural viewpoint, the PVC cover is considered to have no effect on the

strength of the wall. However, the PVC panels provide a watertight cover of the

reinforced concrete. Unless the PVC panels deteriorate (aging, ultraviolet radiation or

chemical attack) the concrete and the steel reinforcement is completely isolated,

consequently their durabi lity i s si gnificantly enhanced.
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2.0 LITERATURE RT,\rIEW

One of the major causes of the deterioration of reinforced concrete structures is the

corrosion of steel reinforcement. This is especially true in concrete construction located

in aggressive environments such as coastal and marine structures, bridges, water

treatment facilities, and agricultural structures. Structures in this type of environment

encounter problems due to corrosion of rebars. The reinforcement cross section

diminishes, the concrete cover cracks (steel corrosion products have volume two to four

times higher than the metal from which they form) and steeVconcrete bond is weakened.

The bearing capacity of structural elements with corroded reinforcement is reduced and

their service life consequently shortens. Through research, several methods have been

developed and explored on ways to prevenlslow down corrosion process. They include

decreasing the permeability of concrete by the use of different admixtures (i.e., mineral

and chemical), increasing the concrete cover, cathodic protection, and epoxy- coating of

the rebars. All these methods have shown satisfactory improvement for relatively short-

term approach only. The idea behind the epoxy coating is to prevent the corrosive agents

form reaching the surface of the steel rebar. However, the epoxy-coating reinforcing bars

have shown that it did not retard the corrosion process as expected and hence lowering

the expectations of the engineering community on long-term performance of epoxy-

coated reinforced bars.

The deterioration of concrete structures due to corrosion of reinforcement leads to

enofinous capital investment necessary to rehabilitate, rebuild, or repair these structures.

The deterioration of concrete structures is a great concem all around the world. In the

United States nearly one third of 581,000 bridges are structurally deficient or functionally

obsolete (US DOT, 1997).In the United Kingdom, over 10,000 concrete bridges need

structural attention (US DOT, 1997).In Europe, the estimated cost is about 600 million

dollars annually for the repair of reinforced concrete structures due to corrosion of

reinforcing bars (Tann and Delpark, 1999).In Canada about 40 % of bndges build more

than 30 years ago are in need of repair or replacement either due to corrosion of the steel

reinforcement or deterioration of concrete. In Canada, it is estimated that the required
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repair costs for parking garages is in the range of 6 billion dollars (Benmokrane and

W*9, 2001). Instead of dealing with problems associated to corrosion of steel

reinforcement, a completely different approach has been taken, which is the use of new

material such as fiber-reinforced polymer (FRP) that attains a high resistance to

corrosion. High tensile strength, lightweight, and corrosion resistance characteristics

make FRPs ideal for application such as bridges, roads, and the rehabilitation and repair

of existing structures. Thus, the use of FRP materials in concrete clearly has a potential to

increase longevity of structures, leading to substantial savings in life cycle cost for

concrete structures in almost all fields of technology. Therefore, in the past few years

FRP structures (bridges, roads,etc.) have been soaring and accumulating interest from all

around the engineering communities. It is being used more and more and is regarded as

the solution for the future.

2.1 Fiber Reinforced Polymer (FRP) Materials

Advance composite materials (ACM) such as fiber reinforced polymer's (FRP) are made

of two or more distinct materials that have been combined to form one useful

construction material. FRP materials consist primarily of an organic or inorganic fibers

and the matrix (resin). The fibers are stronger than the matrix. In order to provide the

reinforcing function, the fiber volume fraction needs to be more than 10 percent (ACI,

1995). The mechanical properties of the final reinforcing product (FRP) depend on the

fiber quality, orientation, volumetric ratio, shape, adhesion to the matrix, and on the

manufacturing process. Both fibers and matrix retain their physical and chemical

identities, yet they produce distinct properties that can not be achieved with either of

them being used alone. FRP products can differ significantly in their final properties with

having the same fibers, matrix and fibers volume ratio. This is due to the manufacturing

process because simply having the same materials (fiber, matrix, etc.) in the FRP does

not guaranty the same quality product. The primary source of the loading carrying

capacity in FRP is the fibers (Mallick, 1993). The fibers used for manufacturing

composite materials need to posses high strength and stiffness, toughness, durability and
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preferably lower cost. The length, cross-sectional shape and the chemical composition are

the factors that control the performance of the fibers. In order to develop the full strength

of the fibers, the matrix should have higher ultimate strain than the fibers. The matrix is

used as a binder material of the composite in which the fibers are embedded, holding

them in place and protecting them from harsh environment conditions and mechanical

damage. It plays a significant role in transmitting the applied load to the fibers through

shear force interaction. Also, provides lateral support against fiber buckling under

compressive loading (ACI, 1996). However, the matrix is often considered to be the weak

link in a fiber-reinforced composite system, since it may undergo physical damage and

chemical degradation during environmental exposure and stress application. The

selection of the matrix is very important in the manufacture of composites because the

physical and thermal properties of the matrix significantly affect the final mechanical

properties as well as the manufacturing process.

There are various types of fibers and matrices available to the manufacturers. The most

popular fibers being used are aramid, carbon and glass. The latter one is being used the

most due to lower cost, but it possess lower mechanical properties than aramid and

carbon fibers. The two most popular types of polymeric matrices are thermosetting and

thermoplastic. The thermoset matrix is permanently set once heated. The thermoplastic

matrix becomes soft and adaptable upon reheating and only hardens once cooled. Both

are the most commonly used matrices in civil engineering applications (Abdelrahman and

Rizkalla, 1994). Matrix behaviour is time-dependent, and is a function of the rate and

frequency of load applied and the ambient temperature (Mufti, 1991). For example, when

increasing the temperature, the matrix becomes rubber-like and undergoes large elastic

deformation. 'When the transition temperature (Tr) is reached, the matrix transforms from

hard (glass-like) to soft (leather-like) with a low surface hardness. The polymeric matrix

displays brittle behaviour when high loading rates are applied, while at lower rates, they

behave in a ductile manner as shown in Figure 2.1 (Mallick, 1993).
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Figure 2.1. Stress-Strain behaviour of Polymers under varying loading rates.
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2.2 FRP Materials Properties

At present, the most commonly used FRP reinforcing bars are manufactured from

continuous fibers, such as carbon, glass, and aramid, embedded in matrices of

thermosetting or thermoplastic. Schematic representation of a stress-strain relationship

utilizing the most common FRP composite is shown in Figure 2.2.The behaviour of FRP

materials is linear elastic to failure and the ultimate elongation strains are considerably

higher than the strain yielding in steel, as shown in Figure 2.2. Typically, the results of

the ultimate tensile strengths are usually four to nine times higher than the yield stress of

steel. The failure mode of FRP is sudden and brittle with no load carrying capacity after

failure. Unlike steel, which possess load carrying capacity after the yield strain is

reached. Hence, the mode of failure for steel is ductile.
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Figure 2.2. Stress-Strain behaviour of FRP bars.
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FRP bars are produced in many different diameters depending on the manufacturing

process. Most of commercially available FRP have various surface profiles such as spiral,

straight, sanded-straight, sanded-braided, and deformed. The function of these surface

profiles on the FRP rod are the same as that of the helical deformation found on the steel

bars i.e., to provide improvement in the bearing resistance to the pull out of FRP rod. The

bond of these bars with concrete is equally or even better than the bond of steel bars. It is

important to note that the properties of composite materials may differ from one

manufacture to another because the material may be unique to the manufacturer. The

opposite is true for steel and concrete, the trends are known and the material properties

are constant. The mechanical properties of the most commonly used commercially

available FRP reinforcing bars, carbon and glass, can be seen in ISIS CANADA design

manual #3 (Chapter 4, ISIS Manual). The composite nature of FRP makes them
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heterogeneous, and the unidirectional orientation of the fibers results in anisotropy (Bank,

1ee3).

2.2.1 Glass FRP Reinforcement

In general, glass fibers possess good mechanical properties, high tensile strength, high

chemical resistance and good insulating qualities. There are two types of glass fibers

commonly used in most FRP reinforcement for civil engineering applications, they are

denoted as E-glass and S-glass. E-glass has the lowest cost of all commercially available

fibers, and is most widely used. Since they have different chemical composition they

react in different ways to the same chemical environment. The S-glass has higher tensile

strength, elastic modulus and is more temperature resistance (Dolan, 1993). Table 2.1

summarizes properties of E-glass and S-glass (Mallick, 1993). Unlike steel, the highly

alkaline environment of concrete pore water poses a problem to FRP reinforcement using

glass fibers. The chemical processes involved during the curing of concrete create an

environment in which GFRP are prone to attack. Glass fibers are known to degrade when

placed in contact with cement used in concrete. This results in drastic strength loss. E-

glass should not be used in environments where the pH is greater than 10 or less than 3.

This claim has been disputed in literature (Marshall lndustries, 1997). The tensile

strength is reduced in the fiber by abrasion while the high hardness is a result of

excessive wearing on cutting tools used on the composite. Initially the glass fibers has

strength of around 3.45 GPa. However, through the process of making the composites

(FRP) it attains surface damage produced by abrasion, either by rubbing of the glass

fibers together or by contact with processing equipment, which reduces the strength to

1.72 to 2.07 GPa (Mallick, 1993). Also other factors that lead to reduction of tensile

strength of glass fibers is the presence of water or under sustained loads. Water leaches

alkalis out from the fibers surface and deepens the surface flaws already present in fibers.

Under the sustain load, the tensile strength will decrease with the presence of surface

flaws being accelerated by the increase of load duration (Abdelrahman and Rizkalla,

19e4).
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Table 2.1. Properties of typical glass fibers.

Fiber

Tlpe

Specific

Gravity

E-glass

S-glass

Tensile

Modulus

(Gpa)

2.54

2.49

2.3 Reinforced Concrete Degradation

Tensile

Strengfh

(Gpa)

72.4

The degradation processes in structural units made from reinforcements in conventional

concrete construction materials used for pig manure storage tanks are complex, with

many coupled in a complicated manner. A detailed explanation of the concrete

degradation and reinforcement degradation is reviewed in the Technical Progress Report

No.l (lnnovative design for hog manure storage facilities). The review of these

mechanisms is presented in two sections in report No 1. A very brief description for both

sections is discussed here. The first section, the emphasis is placed on the most important

degradation processes of the concrete component, ffid on the dynamics of concrete

characteristics that control or influences the degradation of the reinforcements. Particular

attention is given to processes/properties that control the pH of the concrete pore solution,

the movement of Oz and COz, and general liquid and solid mass transport. The second

section discussed in report No 1, the most relevant processes for the degradation of

reinforcement components. Thus, a brief review of iron corrosion and glass dissolution is

presented.

86.9

Strain At

Failure

(%\

3.45

4.30

Poisson's

Ratio

4.8

5.0

Coefficient

of
Expansion

(10-6fc)

0.2

0.22

5

2.9
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2.4 SCOPE OF THE STUDY AI\D OUTLINE OF THE THESIS

The literature review revealed that there has been no serious technical evaluation of the

behaviour of reinforced concrete used in hog manure storage tanks currently in place.

Studies performed on reinforced concrete used in agricultural structures are limited both

in scope and in environmental conditions. The experimental data on the reinforced

concrete and information on its long-term performance in adverse manure storage tanks

environment is lacking.

The challenge of reinforced concrete is its long-term stability, which controls the so-

called durability of or service life of reinforced concrete structures. Durability is defined

as the resistance of reinforced concrete materials to deleterious action arising from,

internal, external, chemical, physical and physico-chemical stresses. Due to the hostile

service environment associated with manure storage, corrosion rates of the steel

reinforcement are high. These deterioration rates led to relatively short service life of the

manure storage tanks.

In recent years, Fiber Reinforced Polymers (FRP) have received much attention as a

reinforcement alternative to corrosion steel in the construction industry. Because of their

properties (i.e., non-corrosive, high tensile strength, electro-magnetically neutral), the use

of FRP as reinforcements in concrete has the potential to increase the service life of

manure storage tanks, leading to substantial savings in the life cycle cost of reinforced

concrete structures. However it is well known that glass fibers, and some resins, are

degraded by alkalies. Hence, the effective properties of the FRP materials will change

with time. Consequentl¡ these changes must be taken into account in the design process.

The need for a better understanding of the FRP reinforcement durability issues, including

environmental effects and the system performance has been emphasized by many

researchers involved in designing durable FRP reinforced concrete structures (Chong

1998; Clarke et al. 1998; Porter 1998; Gerritse 1998). With such an understanding, not
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only can the performance of these materials be predicted, but also better materials can be

design for improved performance.

The purpose of present investigation was to asses the suitability of innovative design

procedwes for reinforced concrete manure storage tanks using advanced composite

materials (FRP) as the internal or external reinforcing element. The test specimens were

subjected to accelerated aging procedure to:

environment using an accelerated test procedure.

chemical properties of reinforcement.

to protect the concrete in manure storage tank construction.

the concrete in manure storage tank construction.

manure storage environment.

Theoretical calculations were performed in Chapter 3 on the concrete beams reinforced

with steel and GFRP ISOROD bar. The structural analysis procedure is performed by the

conventional approach for these beams. Chapter 3 shows the general principles of

flexural members (clauses 10.1 through 10.5 in the CSA Standard A23.3-94lchapter 6 in

the ISIS manual), which illustrates the plane section method in using equilibrium

conditions, compatibility conditions and stress-strain relationship for concrete and

reinforcement. Equations used for calculation of deflection and moment resistance of the

reinforced concrete beams are discussed in chapter 3. A free body diagram of the internal

22



moment of the cantilever beam is shown. Theoretical computation of the load-deflection

curve for control beam and beam exposed to 2 years in manure were compared using the

results of the tension test, experimental data, (mechanical properties of the reinforced

bars), which was incorporated to the calculation of the beams.

The experimental design discussed in Chapter 4 focuses on the effects of environmental

exposure on long-term performance of various reinforced concrete structural elements

(i.e., concrete-reinforcement combinations) for use in manure storage tank applications.

Such exposure includes chemicals in liquid manure solutions, temperature and moisture

over the duration of contact of structural elements with manure.

Test specimen designs and the mechanical test set-up to investigate the behaviour of

different designs of structural elements is discussed in Chapters 4 and 5. V/ith regards to

reinforced materials attention was focussed on two types of glass fiber reinforced

polymers (GFRP) and steel rebar (the reinforcement currently used in all designs for

manure storage tanks). During the life of the mamre storage tanks, the manure is

expected to come in contact with the reinforcement by diffusion through the concrete or

through the stress induced cracks in concrete. Therefore the reinforcement will

chemically react with mamre. A study was made of the physical and chemical processes

that associate the reaction between manure concrete and reinforcement with resulting

changes in the concrete and reinforcement properties. Specimens of GFRP materials and

steel were exposed to manure. Tensile tests were carried out to determine the effects of

manure on mechanical properties of GFRP and steel. The results of there tests provided

the basis for determining the mechanism which control GFRP and steel degradation

under manure environment. The results are discussed in Chapter 6, along with the results

of investigations of the microstructural properties of the exposed GFRP and steel bars.

In order for GFRP reinforcement materials to be accepted as reinforcement for manure

storage tanks more information is needed about their durability properties. Particular

concern exists since the high pH in concrete pore solution creates a potential degradation

environment for the GFRP reinforcement materials.
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The reinforced concrete tanks are required to maintain the design strength to be free of

cracks and to effectively contain the manure for a long time. The durability of reinforced

concrete beams exposed to aggressive manure environment was related to changes in

mechanical properties and to the pore structure of the concrete. Chapter 6 deals with

these topics, the effects of contact time with the manure and exposure to wet and dry

cycles were investigated. Emphasis was placed on determining changes in flexural

strength and detecting the extent of microstuctural changes to the concrete. Assessment

was also made on the degree protection provided by external cover materials such as:

GFRP spray and PVC panels.

Chapter 7 summarizes the interpretation of GFRP behaviour and performance and relate

the laboratory studies to the purpose of the work that is assessing the suitability of using

GFRP materials as internal or external reinforcing element in the construction of manure

storage tanks.

While focussed on manure storage tanks, the results may also be useful in other

application where the reinforced concrete is exposed to other aggressive environments.

This study introduced and developed the use of new advanced composite materials for

the design of new concrete technology in manure storage tanks. This investigation

provides the foundation for the selection of an optimum composite material to be used to

design and build more economical and environmentally benign manure storage facilities.
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An elastic-plastic section analysis for predicting the response of a rectangular, under-

reinforced concrete beam having either steel or FRP as internal reinforcement, loaded

statically to the modified cantilever set-up to failure is presented and calculated.

Schematical representation of the test set-up and also the reactions the beam possess

under this conditon of testing is shown in figure 3.1. Figure 3.1 shows the external

reaction on this cantilever beam and also the reaction of the shear and moment diagram.

The maximum moment at the most critical section of the cantilever beam M.r* is given

by

M,ou*:M+Mo:P*a*PxL1
M¡¡¿¡:Px0.30+P*1.0

M-u*: 1.3 * P

The deflection, ô-u*1 , at the free end of the cantilever beam from an applied concentrated

point load , P, is given by

ô**1 : #tç - o)' - x' +3x' a]

á**r = ffittt-"1

The deflection, ô-u¿ , at the free end of the cantilever beam from an applied concentrated

moment, Mo , is given by

õ**z=Hç'-G-ò')

6**2=lçt t-")

(1)

when x:L

when x:L

(2)
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Thus, the total immediate deflection, ô1 , at the free end of the cantilever beam is given

by

6r = õn,,*t l6**z

Figure 3.2 shows the schematical representation

concrete beams under the cantilever set-up.

ii

i 400mm i 300mm i 300mm :

(4)

of the deformation of the reinforced

Figure 3.2

beam.

Schematical representation of the deformation of the reinforced concrete

+
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The flexural stiffüess of a beam decreases after cracking and approaches the fully cracked

flexural stiffness, 8"t.. The deflection on any location of the beam that occurs

immediately on application of load or moment shall be computed by methods and

formulae for elastic deflection, considering effects of cracking and reinforcement on

member stiffness. Unless more comprehensive analysis is done, for steel reinforced

concrete members, CSA Standard A23.3-94 requires that the immediate deflection be

calculated by elastic analysis using an effective moment of inertia I. not greater than Ig,

and a modulus of elasticity, Er, for concrete as specified in clause 8.6.2 from CSA

Standard are as follows

I":I".+(I"

n" = 4500{I

-'".{k)'

I", is the moment of inertia of a cracked section transformed to concrete, neglecting

concrete in tension; I, is the moment of inertia of the gross concrete section neglecting all

reinforcement; f)is the specified compressive strength of concrete; M" is the maximum

moment in a member at the load stage in which deflection is being calculated. M* is the

cracking moment and f,. is the modulus of rupture (the tensile stress at which cracking

occurs by flexure) which are expressed as

lI"

where 20 < f:< 40 MPa

M"r=&
v.

f , :0.ü"{f}

y¡ is the distance from the centroidal axis of gross section,

to extreme fiber in tension; )" is the modification factors

case )" = 1 for normal density concrete.

(s)

(6)

(t)

neglecting the reinforcement,

for concrete density, for this
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In calculating the immediate deflection for steel reinforced concrete sections, EI : ErI,

when M ( M..and EI: E"I" when M ) M.. where M is the moment acting on the section.

Experimenfal data shows that equation 5 is generally not applicable to FRP reinforced

concrete beams because of the large range of inconsistency. Therefore, investigators have

suggested alternative expression for the effective moment of Inertia, I". For instance, the

latest revised method on calculating the deflection based on effective moment of inertia

which brings a relatively inaccurate agreement in comparison to the results of the

experimental data deflections of beams reinforced with FRP, Hall (2000). ISIS Canada

design manual suggest the following expression,

In=

I". *[r-0.

I

'I

,lÙ

M",
Mo

where I¿ is moment of inertia of a non-cracked section transformed to concrete. It is

believed that equation 9, empirical modifications may be difficult to generalize. In FRP

reinforced concrete members, the movement of the neutral axis after cracking is

relatively small and has negligible effect on the curvature. With neutral axis relatively

constant after cracking, the cracking moment of inertia will be relatively the same until

failure. Also, the moment-curvature relation of FRP reinforced concrete members for

both precracked and postcracked stages are relatively linear. Therefore, calculating the

immediate deflection for FRP reinforced concrete sections, EI : E"I, when M < M.. and

EI: E.I", when M > M.. where M is the moment acting on the section.

For the deflection of flexural members keep in mind that moment of inertia for the gross

section, Ig, and for the cracked section, I.r, are calculated on different assumptions. I, is

calculated from the beam uncracked cross-section with neglecting all reinforcements. I..

is calculated from the beam cracked cross-section transformed to concrete, neglecting the

concrete in tension but accounting for all the transformed reinforcement. Figure 3.3

29

)'
(t, - I", )l

(e)



illustrates the section properties for square or rectangular cross-section for both the

uncracked section (gross section) and cracked section.

Figure 3.3 The gross section and the cracked section of the reinforced concrete beam.

The moment of Inertia of gross section, Ir, is given by

Gross section, ignore
reinforcement (A)

, -bht
"- 12

The moment of Inertia of cracked transformed section, I"', is given by

, bc3 /-t*=?+n,A,(d-c)' (11)

Compression area

Cracked section,
account for nA

b is the width of cross-section (mm); c is the depth of neutral axis at cracking (mm); d is

the distance from extreme compressive surface to tension reinforcement (mm); where the

depth cmay be calculated by

compressio" **llì : tension area (a - ")' \2) \

in concrete
tension area

Gt\;): (n'\(a - c) this gives a quadratic equation

(10)
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c = dl- n¡ p ¡ t 
^l(", 

p,)' + zn, p,f

Equation 10, 11, and 12 apply to a rectangular or square section beam with tension

reinforcement only. These equation can apply either to steel or FRP reinforced bar.

' =2,or!-l ; ,"infor"ement ratio, p,, ( = **4) ; tn" modulusModular ratio, n¡, | =Ett¡.orB 
¡'ol ; ,"infor"ement tatio, p,, ( = 4u*!ø), ,¡'^'\. E, E")' '"( bd bd)'

of elasticity of steel and FRP, E. and Ene; the area of tension reinforcement bar of steel

and FRP, A, and A¡¡p, respectively.

All reinforced concrete beams tested in this study were designed to fail flexurally, rupture

of the reinforcement (Tension failure). The term under-reinforced (Tension failure) is

generally accepted as meaning a lesser amount than the reinforcement ratio of pb

producing balanced strain conditions. For both steel and FRP reinforced concrete beams,

concrete compressive strain, Eç2 never reached the ultimate allowable concrete

compressive strain, e"u. Therefore, the use of a different constitutive model to predict the

stress-strain relationship in the concrete.

The idealized concrete compressive stress block (Whitney stress block: e"u:0.0035) is

suitable for design of balanced sections and over-reinforced sections (compression

failure) because the ultimate limit state is reached by the crushing failure of concrete, this

is not the case in this study. ln under-reinforced beams (tension failure), however, this

idealization can not be used in this study because the concrete doesn't reach its maximum

allowable compressive strain prior to the beams failure. The concrete strain level at

failure and the compressive stress distribution parameters, therefore, become additional

unknowns in the analysis. While several models exist to predict the concrete compressive

stress-strain relationship, the model that is used in this study is the equivalent stress block

factors for a parabolic stress-strain curve shown in Figure 3.4 (recall Collins and

Mitchell, for f.' < 41 MPa the parabolic curve is applicable). In this strength design

(t2)

3l



method analysis of reinforced concrete members in flexure (ACI and CSA Standard)

requires that two basic conditions be satisfied: 1) static equilibrium and 2) compatibility

of strains.

Stress

Figure 3.4 Stress-strain distribution adopted for analysis.

The model is represented by a single quadratic equation given by the following equation

r"=r;l! [a)']

Strain

ec e"':0.002 e"": 0.0035

The model is based on determining the compressive force in concrete for any value of e".

Equation (14) and (15) are developed for calculating the parameters based on any value

of er. The parameters are calculated by methods of integration of the parabolic stress-

strain curve (area under the curve for any value of e.) and also the location of the centroid

where g"':0.002 (13)
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of the area under consideration. As shown in Figrue 3.5 both sfress profiles are equivalent

in nature which allows the determination of these parameters.

op=l +[i)'

p=
4-+

t"
Jc

6-"-+

Figure 3.5 Ultimate limit state for under-reinforced section with one layer of
reinforcement

(14)

The ultimate limit state of an under-reinforced beam with either steel or FRP is illustrated

in Figure 3.5. Tension failure was observed in all beams, the reinforcement fails in

tension, the stress condition for reinforcement is known to be the ultimate stress either

being f, for steel or fi,pu for FRP. Equation 16 was developed by strain compatability

(Figure 3.5). Equation 17 was developed by summing the static equilibrium forces, such

as the resultant tensile force in the reinforcement to the resultant compressive force in the

concrete. Equation 18 was developed by summing moments, thus, nominal ultimate

moment, M.

(15)
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'":(;z)"
Ti: C

A,.fn, = dþ f"ø"

*=r(o +)

Once the moment capacity of the section has been calculated, the conditions of flexural

member section where tensile reinforcement is required by analysis, the provision of a

minimum amount of reinforcement need to be satisfied to prevent failure of the member

immediately after cracking which causes brittle failure. If the provision are not met, the

design of the flexural member section is a poor design. To avoid a poor design for either

steel or FRP the minimum conditions are required.

Minimum condition for steel (CSA Standard A23.3 94)

M. > 1.2 M",

M. > 1.33 Mi

, o.z^[¡inn
ás-in = 

f;

(16)

(r1)

Minimum condition for FRP (ISIS Manual)

M,> 1.5M.,

M. > 1.5 Mr

Aro*=ffiøø

(1 8)

(1e)

(20)

(2t)
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Applying the analysis to the under-reinforced rectangular concrete beams

Concrete beam reinforced with steel bar

The cross-section for this beam is shown in Figure 3.5. The flexural reinforcement is one

6.35 mm diameter high strength steel bar. The mechanical properties for the steel bar

were determined by tension test in this experimental program. The yield strength,

þ630MPa, yield strain, er, : 0.00315 and the ultimate strain failure, eru : 0.024.The

compressive strength of concrete,f"' :40 MPa. d: 140 mm, b: 170 mm.

The cracking moment is calculated by the following equations

f, =0.62.{f::0.6 x 1.¡ * J4o :3.795vtPa

I,: bh3

t2
170*1703

M"t : f,T, :
!t

t2
= 6.96x107

Figure 3.5 shows a rectangular section with internal concrete stress distribution and force

resultants. Nominal ultimate moment is calculated by the concept introduced in Figure

3.5.

3.75MPa*6.96x107 mma

4

mm;

85mm

,,:(;1)":(m)"

*p =î-+E)' : #.-å(ufu)'

c : aþ f"b": t#0, å(õ.h')'t 
- uroo* c ; substitute equati"r ,, :(#1)"

lt=
h _170

:31072I6.8N * mmll06 =3.llkNt m

:85mm

Tr: Ar[u

T': 19951.596 N

where tu: & :625M,Pa As:31 .692mrrf

where the only unknown is c (neutral axis)
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Solve for c by setting T.: C

c:6.32mm check if assumption correct; ,":(ffi)c: O.OOf 14< r"u:0.0035 o.k

Therefore, calculate the maximum moment with c: 6.32 mm.

,.:( "n, \"- ( o'ozq\"- ( o'oz+ lu.rr:0.001135' ld-") \1a0-c) [140-6.32) 
-

¿._€" , 0.001135
'TP=.+: --@:b3trÐ:070566-+ 6--

tc 0.002

v = c( ¿- &l: 2.73 kN+mI 2)
M: 2.73< I.2 * M", : 1.2 * 3.1 1 : 3.73 no good

Also area of steel reinforcement A, :31.692 mm2 is smaller than the minimum allowable

reinforcement ,4,-,n =

Conditions were not met in the design of the steel reinforced concrete beam, the

immediate deflection calculation (equation 2 and 3) had huge range of discrepency with

comparison to the experimental deflection results obtained in this experiment. The reason

behind the inaccurate results are believed to be because the effective moment of inertia

was developed on the assumption that the flexural steel reinforced section would satisfy

the condition of the minimun allowable reinforcement. If this condition was met, then

adequate postcracking strength would be developed in the section and equation 19 would

be satisfied. It is well aware that the flexural capacity of an uncracked concrete section is

essentially provided by concrete alone, thus, the deflection equation can be calculated by

using the gross moment of inertia. After cracking, the reinforcement becomes effective in

the concrete which leads to the use of effective moment of inertia (equation 5). This

equation was develop on the assumption that the equation 19 through 2l were satisfied.

The typical behaviour of the load-deflection curve for steel reinforced concrete beam is

shown in Figure 3.6 , this behaviour is only true if the condition above are satisfied.

Figure 3.6 gives a better understanding in the development of the effective moment of

o.zt[fløn

f,
:58.03 mm2
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inertia equation. The deflection calculation for flexural members is mainly based on

equations derived by linear elastic analysis, with the moment of inertia used in those

equations being the effective moment of inertia.

Overall, the theoretical ultimate moment calculated, had very good results with

comparison to the experimental results attained from the steel reinforced concrete beams.

However, the theoretical deflection calculations were not exceptable because of poor

design of the beam which never satisfied the essential conditions (equation 19 to 21). In

predicting the load deflection curve for the steel beams, it could not be achieved from the

general method of calculation because the standards were not met. If the need to predict

a reasonable load-deflection curve for the concrete beams reinforced with steel, I

recommend the use of using Adina. The finite element program (Adina) will give a more

accurate results on the behaviour of the beam. The calculation of the deflection of the

beam from using Adina, would be in good aggrement to the experimental results.

Figure 3.6 Typical load-deflection relationship for steel reinforced concrete beam.

Based on Io

Ist > Is > I"> I.,

Deflection. Â
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As it is already been mentioned, the theoretical calculation of the cracking and ultimate

moment capacity of the concrete beam reinforced with steel had good agreement with the

experimental results for the beams that were not exposed to any manure. The values

obtained, in term of load capacity, werc 2.4 kN and 2.1 ld{ for the cracking load and the

ultimate load, respectively. Compared with the experimental values obtained by testing

the control concrete beams reinforced with steel the cracking load and ultimate load were

2.5 kN and2.25 kN, respectively. Thus, the thoeretical values obtained are quite accurate

when comparing to the experimental values.

In chapter 6, the experimental results of the reinforced bars and the reinforced concrete

beams are being directly exposed to the harsh environment. The experimental results

indicate that the mechanical properties of steel reinforcement bars decreased significantly

with exposure time were attributed to advanced corrosion. As the exposure time increases

the steel bars start to fail before reaching yield strain. At 24 months exposure to manure

all steel bars failed before reaching yield strain. The steel bars lost about 43 % of their

ultimate tensile strength after 24 months exposure to manure. The ultimate strength value

at 24 months exposure is 359 MPa. This advanced type of corrosion would severely

affect any tlpe of structures on its structural performance if the concrete cover were not

protecting the reinforcement. Loss of durability of reinforced concrete and concrete cover

results from numerous external and internal causes. Extemal causes can be physical

(stresses, particularly tensile stresses), chemical (a series of chemical such as acids, salts,

alkalis, etc.) or mechanical (shess corrosion). For all concrete beams reinforced with steel

that were tested in this experiment, the behaviour of the beams were all quite similar in

nature after being exposed to their various times of exposure. The reason behind this was

that the concrete cover protected the steel reinforcement, which did not allow the

aggressive liquid (manure) to come in contact with the reinforcement. Now if the

protective capability of the concrete cover did not achieve its primary goal, protect

reinforcement against the harsh environment, then all beams would have shown severe

and dramatic behaviour lost in strength. If the worst case scenario was to happen, the

reinforcement directly in contact with manure such that the concrete cover is cracked and

not protecting the bars, then the behaviour of the beam would change due to the advanced

38



corrosion that the steel bars possess in such harsh environment. Therefore, the ultimate

strength and ultimate strain of the steel bar exposed to manure for 24 months had a value

of 359 MPa and 0.0018, respectively. These values will be used in the calculation of the

ultimate moment and load the beam will be able to withstand if the worst case scenario

was to occur. The calculations are performed in the same method as above.

u =( "* )" _ 1,o.oors'1," \d-") \ta}-c)
c lf. \t . 1( . ¡z

aß =!s--al :q I : u" -fl-:.-l*'-r'" ¡[""J o.oo2 ¡[o.oozJ

c : aþ fìb": l#0, +[¡fr;)', 
. uroo* c ; subsritute equari* 

" 
:[H)"

Tr: Arfiu

T.: 11369.24N where the only unknown is c (neutral axis)

Solve for c by setting T.: C

c : 15.5 mm, check if assumption correct; 
":[#)c: 

0.0002 24<e"u:0.0035 o.k

Therefore, calculate the maximum moment with c: 15.5 mm.

, :( "* )"- [o'oots)"- l, o'oots lrr.r: 0.000224' \d-") l1a0-c/ (140-Ls.s)

A_"" ^ 0.000224.-
P=,+: -ffi:o.rrr6-+ 6--

8c 0.002

where Âu:359 MPa As:31.692mm2

¡vt: c( ¿ - k\:1.53 kNxm
\ 2)

Mr.* : P * 0.30 + P * 1.0 : 1.3P.r*

In comparing both cases, there is a dramatic decrease in load carrying capacity of the

beam when the reinforcement is in direct contact with manure (decrease in strength,

approximately 50 %). This illustrates the importance and the role the concrete cover plays

where M:M."*

, therefore P.nr* : 1.18 kN
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in protecting the reinforcement, which can lead to severe weakening of a structure if the

liquid manure penetrates the concrete and comes in direct contact with the reinforcement.

Concrete beam reinforced with GFRP ISOROD bar

The cross-section for the concrete beam reinforced with GFRP ISOROD bar is shown in

Figure 3.5. The flexural reinforcement is one 10 mm diameter GFRP ISOROD bar. The

mechanical properties for the ISOROD bar were determined by tension test in this

experimental program. The ultimate tensile strength, û.pu: 613 MPa, ultimate tensile

strain, rr.pu : 0.01643 and the modulus of elasticity, Er.p : 42 GPa. The compressive

strength of concrete, f"' :40 MPa. d: 140 mm, b: 170 mm.

The cracking moment is calculated by the following equations

f, =0.6h[f ;:0.6 * 1.0 * J¿o:3.795 MPa

["= bh3

t2
l7o*1703 

= 6.96xr07 mm
12

M"r : f'I' :
!t

Figure 3.5 shows a rectangular section with internal concrete stress distribution model

and force resultants of concrete and reinforcement. Nominal ultimate moment is

calculated by the concept introduced in Figure 3.5.

Assuming plane sections remain plane, the extreme concrete fiber strain is given by

" =( t,, l":lo'9rtuo'1" where r¡u: rrrpu:0.01643""-ld.-")" (r+o-")"

The parameters are calculated on any value of e., which is given by

3.75MPa*6.96x107 mma

85mm

h t70y, - _:_ =E5mm22

:31072I6.8N* mm1106 = 3.1lkN* m
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*p=î *[i)'

p=
q-:+

ac

Ec t( tc l'- 
o^oo2 

-ã[oJor]

)eA-a:
ac

c = aþ fìb": l#0, +[uftu)'t 
. uroo* c ; substitute equati"' o :[ffi$)"

4-
0.002

;_M
0.002

þc

Tfu : Ar.pfi.pu

Tap : 48114.9 N where the only unknown is c (neutral axis)

Solve for c by setting Trrp : C (equilibrium of forces)

c: 12.21 mm check if assumption correct; r":(r*9!T)c: o.oof s 718"u:0.0035 o.k

Therefore, calculate the maximum moment with c: 12.21mm.

,. =( t,,, )"_ [o.oro+¡'1"_ [ o.oro+¡ \rr.rr:0.00157" ld-c) \Á0-c) U40-t2.21.)

L _t" , 0.00157'-
P: .+: - dffirjr:o'72576-::=z 6--

8c 0.002

w=c( ¿-k\:6.52kN*m
\ 2)

Since the section fails in tension, check if the ISIS manual requirement of equation 22 is

satisfied to ensure adequate post cracking strength.

M,> 1.5M..

Thus, M: 6.52kN*m > 1.5 * M.,: 1.5 * 3.11 : 4.665kN x m o.k

The maximum moment at the most critical section of the cantilever beam M*u* is given

by

Mrrr.*: M1 -l Mo : P * a+ P * Lr
M-"*:P*0.30+P*1.0
To determine the maximum load at the critical section of the beam, set M: M,nu*

6.52 kNxm : P * 0.30 + P * 1.0

4t

where fr,pu : 613 MPa Atu: 78.539 mm2



Thus, P: Pn,'u*:5.02 kN where Mo:5.02 kN * m

The total immediate deflection, ô1, at the free end of the cantilever beam is given by

âr =ô.u^r *õ**z

á.,*r: ffiftt-tl
6**z :Y:? Qt - ")ttvx¿ 2EI'

The maximum load moment allowed for this beam is 6.52 kN*m. From the strain profile

(Figure 3.5) it is evident that the section is cracked, since the concrete tensile strain in the

bottom is larger than e, =Í.:133x10-6. Therefore, the cracked moment of inertia will,8"

be used to calculate the total deflection at failure.

The cracked moment of inertia of the transformed cracked section can be calculated using

equations 1l and12.

,,, =+ + n,A,(d - c)'

" = dl- n¡ p¡ t l6,pf;r;;,1
E r,, 4200!-= 

1.4gIt.r'o = -l: : 

-4no^l 
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Pto = #:0.0033
c: 13.152 mm

I",:1.9992x 106 mma

The total deflection of the beam is calculated by using cracked moment of inertia. The

deflection from the point load is given by

á**,: #Ot-o):
ômaxl: 1.99 mm

s.ozxto3(loo)'z

6E 
"r,,

(:(ooo)-:oo)
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The deflection from applied concentrated moment, Mo , is given by

6 ** 2 = T# at - ") 
: t'o'ur;r::oo)(z(ooo) 

- : oo)

ômaxl: 11.94 mm

The total deflection at the free end of the cantilever beam at failure is

ár : ô'n"*r * á*"2 : 1.99 mm + 11.94 mm

ôr: 13.94 mm

To determine the deflection immediately before cracking, use the same deflection

equations but use EI: E"Ir. The gross moment of inertia is 6.96 x 107.

6r = õ,**t * õ**z:0.06 mm * 0.34 mm

ôr:0.40 mm

Values of load and deflection at cracking and ultimate were calculated for concrete beam

reinforced with ISOROD bar in order to predict the behaviour of the load-deflection

curve. These calculations were based on the control beam, no contact with any manure,

using the tensile properties of ISOROD bar.

To predict the load-deflection curve for the worst case scenario, as it has already been

mentioned in the latter case (beam reinforced with steel), the reinforced bars will be in

direct contact with manure without the protective capabilities that the concrete cover

provides for the reinforcement.

The mechanical properties of the ISOROD bar in direct contact with manure after 24

months decreased, the decrease was much lesser extent when comparing to the steel bar.

A total decrease of 20%o and 17 %o was observed for the ultimate tensile strength and

modulus of elasticity respectively. The observed decreases in the mechanical properties

with exposure time may be attributed to absorption of moisture by the polymer; the

diffused moisture weakened the glass fiberþolymer interfacial bond strength. For all

concrete beams reinforced with ISOROD bar that were tested in this experiment (chapter
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6), the behaviour of the beams were all quite similar in nature after being exposed to their

various times of exposure, up to 24 months. The reason behind this was that the concrete

cover protected the ISOROD reinforcement, which did not allow the aggressive liquid

(manure) to come in contact with the reinforcement. Therefore, the ultimate tensile

strength and modulus of elasticity of the ISOROD bar exposed to manure for 24 months

had a value of 493 MPa and 35 GPa, respectively. These values will be used in the

calculation of the ultimate load and deflection of the beam which enables the prediction

of the load-deflection curve for the worst case scenario, which the concrete cover is not

protecting the reinforcement. The calculations for ultimate deflection are performed in

the same method as above.

Assuming plane sections remain plane, the extreme concrete fiber strain is given by

," =(+)":[99t1!)" where riu: rrrpu:0.0141(sh ainat24 months exposure)" \d-") \t+o-c)
The parameters are calculated on any value of e", which is given by

oß =a-f lg.ì' : t, 
-11 "" l'' 

"'" ¡ ["" J o.oo2 3 (o.oo2/

c

4_+
þ=--#:

6_+
8c

c : aþ f)b":tufu +(ufru)'t 
- uroo* c ; subsrirure equati"'o :(#l)"

Tr,p: Auofuo" where f¡.pr: 493MPa(24 months exposure) Arrp: 78.539 mmz

4-
0.002

;_M
0.002

8c

Tr.p:38720 N

Solve for c by setting Tr.p : C (equilibrium of forces)

c: 11.46 mm check if assumption correct; r,:[#l)c: O.OOf Z6( r.u:0.0035 o.k

Therefore, calculate the maximum moment with c: 11.46 mm.

, =( '* )"- [o'ot+t'1"- [ o'ot¿t 
l,,.ou:0.00126' \d-") \raU-c) (140-11.46)

where the only unknown is c (neutral axis)
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p=
4-+

tc

6-??
tc

v=c( ¿-e\:5.26kN*m
\ 2)

M.> 1.5M..

0.001414__
0.002

6-

Thus, M:5.26 kN*m > 1.5 * M.r: 1.5 x 3.11:4.665 kN * m o.k

0.002

The maximum moment at the most critical section of the cantilever beam M-"* is given

by

M¡¡¡¿¡ç: M1 * Me : P * a* P * Lr
M,nu*:P*0.30+P*1.0

To determine the maximum load at the critical section of the beam, set M: M-"*

5.26 kN*m :P * 0.30 + P * 1.0

Thus, P: P-u*:4.05 kN where Mo:4.05 kN * m

The total immediate deflection, ô1, at the free end of the cantilever beam is given by

6r=6*tl6r**z

ä..^, = ffiOt-tl
6**2 =+ff{n-")
The maximum load moment allowed for this beam is 5.26 kN*m. From the strain profile

(Figure 3.5) it is evident that the section is cracked, since the concrete tensile strain in the

bottom is larger than e, =!.:133x10-6. Therefore, the cracked moment of inertia will,8"

be used to calculate the total deflection at failure, EI: E.I...

Same equation is used in the calculation of the neutral axis, c, and cracked moment of

inertia,I.r.

c: 13.152 mm

I.,:1.9992x 106 mma

The total deflection at ultimate (24 months exposure to concrete and reinforcement) is
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4.0 EXPERIMENTAL DESIGNS AND METHODS

This chapter presents the details of the experimental program undertaken in this study.

The test variables, test set-up, instrumentation, and the analytical methods for the

experimental program are provided. The present study focused on the effects of

environmental exposure on long-term performance of various reinforced concrete

structural elements (concrete type-reinforcement combinations) for use in hog manure

tank applications. Such exposure included chemicals in liquids manure solutions,

temperature and moisture, over the duration of contact of structural elements with hog

manure. The effects considered include changes in physical and mechanical properties of

the structural elements. In order to investigate the effect on long-term performance of

composite materials, the experimental program considered methodologies (test

conditions) to accelerate the degradation phenomena in reinforced concrete.

4.1 Test Variables

Three variables were considered in this study: 1) reinforcement types, 2) type of

protective isolation of reinforced concrete, 3) duration of exposure of the reinforced

concrete to manure. The variables are presented in Table 4.1.

The concrete types currently used in the construction of hog manure tanks are ordinary

concrete and high strength concrete. The ordinary concrete with compression strength of

about 25 l:[l4Pa is currently used in cast-in-place designs, the most coÍrmon design in hog

manure tanks because of its low cost. The high strength concrete of about 50 MPa

compression strength used in pre-cast reinforced concrete tanks designs.

In present investigation, the concrete used in the preparation of the reinforced beams was

design for a nominal strength of 40 Mpa at 28 days.
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the concrete beam resting directly above perpendicular to the stiff l-beam, as shown in

Figure 4.3.

SIip Monitoring: Two LVDTs were attached to the both free and loaded ends of the

reinforced concrete beams to measure the slip of the exposed reinforcement bar (Figure

4.2).

Strains: The concrete strains in the tension zone aI the top face and sides of the concrete

beams were measured using three PI gauges. Two PI gauges on the side face of the

tension zone were used to measure the crack width. The concrete strains in the

compression zoîe were monitored by three PI gauges located at the bottom face and sides

of the concrete beams. The location of the instrumentation can be seen in Figure 4.2 and

Figure 4.3. The PI gauges used were PI-200 type produced by Tokyo Sokki Kenkyujo Co

Ltd. with a length of 200 mm.

Tension (axial) Tests

Strains: Strain gauges were mounted on each reinforcement bars tested at the center of

the bar to measure the strain in the longitudinal direction as shown in Figure 4.4 (strain

gauges installed at mid height of reinforced bars). The strain gauges used were FLA-6-11

tlpe produced by Tokyo Sokki Kenkyujo Co., Ltd. with a length of 6mm, and 120 ohms

resistance. The surface of the bars were prepared by lightly polishing with an abrasive

paper (sand paper # 120 followed by # zaQ. The strain gauges were glued to bars on the

prepared surface using M-Bond 200. The strain gauge were covered by a waterproof

coating to protect them from dust and/or contamination during handling.

The LVDTs, PI gauges and the strain gauges were connected to a computer-controlled

32-channel data acquisition system to monitor and record the loading, deflection and

strain in the reinforced concrete beams and stress-strain behavior of reinforcement bars.
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4.4 Analytical Methods

Systematic microstructure analyses of the reinforced concrete were made to examine the

results of chemical attack and physical degradation due to environmental exposure

conditions; factors controlling the initial microstructure development are strongly related

to reinforced-concrete durability. Mercury intrusion porosimetry (MP) and Scanning

electron microscopy (SEM) were the methods used to asses the degree of changes in

durability of reinforce concrete. Also, frequent quantitative analyses of the manure were

also made to identify changes resulting from contact with the concrete structural element.

4.4.1 Solution Analysis

Manure analyses were performed at Norwest Laboratories in Wiruripeg. Analyses were

performed on as-received manure as well as on the manure that had been in contact with

the structural elements in the containment units after each exposure time. The manure

samples were quantitatively analyzed using Inductively Coupled Plasma (ICP) atomic

emission spectrometry Method 31208 and Titration Method 23208. The ICP atomic

emission spectrometry was used to determine the concentrations in manure of Ca, Fe,

Mg, K, Na, Si, SO¿-2, Cf, and phosphorus. Titration method 23208 was used to measure

changes in pH and alkalinity.

4.4.2 Mercury intrusion porosimetry (MIP)

Mercury Intrusion porosimetry (MP) was performed at Aesion Industries, Whiteshell

Labs, Pinawa Manitoba. MIP measurements were performed on randomly selected

samples from the reinforced concrete beams at the termination of each exposure time.

The measurements were carried out on oven-dry specimens.

Mercury intrusion porosimetry (MF) is extensively used in cement and concrete

research to determine pore size distribution. MIP is based on the principle that a non-

wetting fluid, such as mercury, will enter a porous medium only if a sufficient pressure is
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applied. Simulating pores by cylindrical capillaris this pressure can be related to pore

radius by Laplace's equations (Delage and Aitcin, 1983).

'Where: r: pore radius, 0 is the contact angle (0 :141o), o is surface tension of mercury

(0.484 N/m) and P is pressure at intrusion. The MIP technique provide useful information

on pore size distribution.

4.4.3 Scanning electron microscopy (SEM) and energy dispersive spectrometry

The SEM and energy dispersive x-ray analysis (EDXA) was used for surface examination

of both reinforced bars and concrete specimens. Imaging by SEM allows observation of

microscope alterations in the structure of the solid phase due to reaction with manure.

EDXA was used to establish the distribution of elements such as Cl, Fe, Si, Mg, Al, K,

and Na in the GFRP and concrete matrix and identify various microstructures by

determining their elemental composition.

The work reported here was carried out with SEM microscopic machine existing in the

Metalurgical Department at the University of Manitoba.

Scanning electron microscopy (SEM) analysis on randomly selected concrete specimens

and reinforcement bars that were directly exposed to the manure for various time of

exposure provided information on the morphological changes and the degree of

degradation due to interaction with the manure environment.

o _ 4o(cosá)
r
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5 SPECIMEN PREPARATION

5.1 Materials

5.1.1 Steel Bars

The steel reinforcement used in this study was provided by Cowin Steel Co. of Winnipeg

Manitoba and conformed to CSA G30.18 Standard. The high strength steel rebars were

grade 630V/ with a diameter of 6.35 mm. The reported normal yield strength and

modulus of elasticity of the bars were 630 MPa and200 Gpa, respectively.

5.1.2 GFRP Bars

C-BAIITM

The GFRP C-BAllrM reinforcement was supplied by MARSHAL COMPOSITE INC.

U.S.A. (Figure 5.1). This type of FRP (E-glass fibers) is manufactured using hybrid

pultrusion process. The resins that go into the finished product as well as its closed

molding process enhance the resistance of C-BAllrM to high alkaline environment. The

physical and mechanical properties of the C-BARTM reinforcing rod are shown in Table

5.1. The reported ultimate tensile strength and modulus of elasticity of the bars were 770

MPa and 42 GPa, respectively.

ISOROD

The ISOROD glass fiber rod is manufactured by Pultral Inc. Quebec, Canada (Figure

5.2). It is made of continuous longitudinal glass-fiber strands (E-glass f,rbers) bound

together with a thermosetting polymer resin, using the pultrusion process. A covering of
sand particles with a specific size distribution enhances the surface bonding potential of
ISOROD glass fiber rod. The summary of the mechanical characteristics of ISOROD rod

is shown in Table 5.2. The reported ultimate tensile strength and modulus of elasticity of
the bars were 690 MPa and 42 GPa,respectively.
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The concrete beams were reinforced with a single longitudinal bar (Figure 5.9) with the

smallest diameter commercially available (Figure 5.5). The decision to use this design for

the reinforced beams was taken in order to obtain information on the behaviour of both

components: the concrete and the steel reinforcement. The reinforced concrete beams

used in the experiment program should produce load-deflection curves similar to the

curve presented in the diagram in Figure 5.10.

Beam with optimum
(substantial) reinforcement

Figure 5.10. Schematic representation of load-deflection behavior for beams with

different reinforcement type.

Beam with small diameter
reinforcement used in the

experiment

The first part of the curve (A-B) provides information about the strength of the concrete

(concrete acts alone with little help from the steel). At peak B of the curve the cracking

load is established, maximum tensile strength of concrete. The decrease in load due to the

stress redistribution occurring between the crack and the reinforcement is reflected in the
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drop of the curve (B-C section). The curve (C-D), poor design which can be avoided if
the moment resistance of the beam was 1.2 times greater than the cracking moment (CSA

Standard 1^23.3-94).If the standard were met, the behaviour of the beam would have had

the appearance of the dashed lined curve shown in Figure 5.10. The C-D portion of the

curve provides information about the shength of steel reinforcement (i.e., in point C the

steel strength is mobilized).

However, identical small diameters of steel reinforcement bars and GFRP bars were not

available. From the common reinforcement bars currently used in reinforced concrete the

most appropriate bars select were steel (Õ- 6.35 mm) and GFRP (o- 10 mm).

All beams were designed to ensure that the only mode of failure of the reinforced

concrete beam is flexural failure, the rupture of the reinforcement. The reason behind this

was to assess the effectiveness and suitability of using reinforced bar when exposed to

such harsh environment.

Four series of beams have been cast (Table 5.5): A) Ordinary Concrete (OC) / Steel

rebar, B) Ordinary Concrete / GFRP ISOROD rebar, C) GFRP spray / Ordinary Concrete

/ Steel rebar and D) PVC / Ordinary Concrete / Steel rebar.

In series A, C, and D the internal reinforcement consist of 6.35 mm diameter steel rods.

In series B the intemal reinforcement consist of 10 mm diameter GFRP ISOROD bars.

Three different cover schemes were implemented as shown schematically in Figure 4.1.
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Table 5.5. Reinforced concrete beam type.

Series

A.

Structural Unit

B.

OC / Steel rebar

c.

OC / GFRP ISOROD

GFRP spray / OC / Steel
rebar

PVC / OC / Steel rebarD.

To simulate the conditions in the most common design presently used for the manure

tanks, where the reinforced concrete is in direct contact with manure. The surfaces of 37

reinforced concrete beams were not covered with any protective materials (Table 5.5,

Series A and B and Scheme A in Figure 4.1). Eightteen reinforced concrete beams

(Table 5.5, Series C and Scheme B in Figure 4.I) were sprayed on the four vertical sides

and the bottom with GFRP composite. Casting details for the reinforced concrete beam

for series A, B and C are shown in Figure 5.11. The concrete was vibrated using pin

vibrator and lightly trawled. After casting, the beams were covered and left in-place for

24 hours after which they were demoulded and transferred to the curing room.

The remaining 19 reinforced concrete beams (Table 5.5, Series D and Scheme C in

Figure 4.1) were covered with PVC panels on the four vertical sides and the bottom face.

Casting and reinforcement details for the concrete beam cover with PVC are shown in

Figure 5.12. To prevent the PVC forms from bloating during casting a wood frame was

build around the PVC forms. After curing for 48 hours in air, the reinforced concrete

beams with the PVC form left in place were transferred to the curing room.

3 control, 4 samples lt= 4,8,12 months,
2 samples I t= 18,24 months

2 control, 4 samples I t= 4,8,12 months,
2 samples / t = 18, 24 months

2 control, 4 samples I t= 4,8,24 months,
2 samples I t= 12, 18 months

3 control, 4 samples t t= 4,8,12 months,
2 samples / t = 18, 24 months

No. of samples
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All reinforced concrete beams, were kept in curing room until they have been placed in

contact with manure with exception of the 18 beams that were sprayed with GFRP after

28 days of curing. Seventy-four reinforced concrete beams have been tested. Changes in

the structural component properties with time under hog manure environmental

conditions have been assessed through changes in flexural behavior.

5.3 Site Experiment and Containment Units

The large scale experimental tests included in the program have been carried out at the

experimental site established at Glenlea Research Station Manitoba in a restored barn

(Figure5.13). The concrete specimens and the reinforcement bars were kept in contact

with the liquid hog manure in twelve specially design containment units. The

containment units were design to accommodate 200 specimens; they consist of 2.5 m x

1.7 m x 0.5 m wooden boxes, lined with a heavy-duty plastic liner resistant to the

corrosive effect of the hog manure (Figure 5.14). The liner effectively contained the hog

manure and prevented any leakage. The containment units accommodated - 1200 L of
manure per each experimental cycle.

The barn accommodated twelve specially designed containment units (Figure 5.15) in

which the concrete specimens and the reinforcement bars have been exposed to the liquid

hog manure.
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removed from manure and subjected to a series of tests and analyses. Significance of the

environmental exposure effects on long-term performance of the different reinforced

concrete structural elements was benchmarked against control samples.

The environment of manure storage tanks presents certain hazards to reinforced concrete.

Many constituents of manure react with the components of its structural elements (i.e.,

concrete and reinforcement). The rate of these reactions (i.e., leaching, carbonation, and

corrosion) results in significantly reduced lifetimes for such structural elements.

Over the entire experimental study the condition were precisely controlled. The manure

in contact with the reinforced concrete structural elements was changed every two weeks.

The effect of cementitious materials in the concrete on the chemistry of manure in its

immediate vicinity could be significant under static conditions. These frequent changes of

the manure in contact with the concrete structural elements prevented the rise in pH and

the increased concentration of concrete decay products, maintaining the relatively high

reactivity of the manure with respect to concrete. The pH was measured and the changes

in chemical composition of the manure were quantitatively analyzed. Manure analyses

were performed at Northwest Laboratories in Winnipeg. Analyses were performed on as-

received new manure as well as on the manure that had been in contact with structural

elements. The manure samples were quantitatively analyzed using ICP atomic emission

spectrometry Method 31208 and Titration Method 23208. Examples of results of the

analyses performed during the first 4 months exposure (0-4 months) and the last 6 months

exposure (18-24 months) on the manure as-received and after two weeks in contact with

the concrete structural elements are presented in Table 5.6 and 5.1. Attention was paid to

chemical species that could affect the performance of the structural elements, such as:

COzz -, HCO3 -, Cl -, Mg'*, Cu'*, Si 4*, K * and Na *. Particular attention was given to

C** and Si 4*. These elements were chosen because they reflect the leaching

characteristics of two major phases in cement paste: l) calcium hydroxide [Ca(OHÞ];

and2) calcium silicate hydrates (C-H-S).
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Table 5.6. Chemical composition of manure used in the experimental program
(0-4 months).

Compound

Moisture

Total-Alkalinity

Units

Bicarbonate

Carbonate

As received

manure

o/
,/o

Hvdroxide

mslL

Calcium

99.t-99.6

ms./L

Chloride

4880-7000

ms/L

Iron

After two weeks in contact

with structural elements

5940-8530

o//o

Masnesium

<5

mslL

Phosphorous

99-99.4

<5

me/L

Potassium

5800-7444

170-220

ppm

Silicon

t0t0-9070

600-800

ms/L

Sodium

<5

<8-12

me/L

Sulohate-S

<5

0.00s-0.008

ms./L

PH

140-180

120-180

oDm

Overall, the results show a relatively large variation in the concentrations of the elements

in the manure supplied at two-week intervals. This variation could be attributed to factors

such as the animal diet, productivity and management (i.e., dilution). In real system

operation, variation of manure element concentrations should be expected. These

variations would affect the aggressiveness of the manure, the rate of concrete degradation

850-1 170

1000-1400

ms/L

<10-<8

135-153

ms/L

10-30

380-470

70-80

70-tl0

0.146-0.162-0.r98

7.3-7.5

145-278

550-740

100-130

7.7-8.0
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and corrosion of reinforcement as well as the type of reaction that will take place between

concrete and manure.

Table 5.7. Chemical composition of manure used in the experimental program
(18-24 months).

Compound

Moisture

Total-Alkalinitv

Units

Bicarbonate

Carbonate

As received

manure

o//o

Hvdroxide

ms./L

Calcium

99.s-99.6

mslL

Chloride

r410-4940

ms/L

Iron

After two weeks in contact

with structural elements

4240-4390

%

Masnesium

<6

ms/L

Phosphorous

99.s

<5

ms./L

Potassium

3450-7990

s0-140

PPm

Silicon

4210-4970

400-500

mslL

Sodium

<6

<6-12

ms.lL

Sulohate-S

<5

60-100

ms./L

pH

90-r20

30-160

ppm

400-600

720-770

ms./L

81-106

16-<10

ms./L

30-120

340-450

30-160

20-80

720-790

7.5-8.5

70-154

340-430

20-70

7.3-8.1
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The results of the analyses indicated that the concentration of calcium in received manure

ranged between 1.25 x 10-3 and 5.50 x 10-3 mol L-1. The calcium solubility limit in water

in equilibrium with both Ca(OH)2 and C-S-H is approximately 0.02 mol L-r at25 "C. At

a value of 10-3 mol L-1, the bulk solution concentration of Ca2* measured in received

manure is below equilibrium value.

Analyses of the manure in contact with the reinforced concrete specimens indicate

relatively small variation in concentrations of most of the elements existing in manure. A

slight decrease in the concentration of calcium in the manure in contact with reinforced

concrete was observed over the entire duration of the experiment. The variation of

calcium concentration after two weeks in contact with stmctural elements during the first

4 months and last 6 months of exposure ranged from 3.50 x10-3 to 5.50 x10-3 mol L-1, and

from 2.25 x10-3 to 3 x10-3 mol L-1, respectively. The decrease in C** was attributed to

precipitation.

Calcium in the manure more likely reacted with elements present in manure and in the

concrete (i.e., bicarbonates, carbonates, silica, and sulfates) forming new phases such as

calcium carbonate, calcium hydroxide, and calcium silicate hydrates. Large decrease in

concentrations of elements present in manure due to precipitation could induce changes

in the reactions of the concrete with the manure. However, the concentration of chlorides

was observed to increase substantially during the first 8 months. Its concentration

increased from between 600 and 800 mg L-l to between 1000 and 1400 mg L 1. Chloride

may be introduced in concrete as an accelerating agent for hydration of Portland cement

(i.e., calcium chloride) or through water-reducing agents which may contain small

amounts of calcium chloride (CaClz) to offset the set-retarding effect of water reducer.

Because of the increased awareness of the deleterious effects of chloride, the occurrence

of additional CaClz has decreased significantly in current concrete mixes. The increase in

concentration of chloride in the manure in contact with concrete specimens was most

likely due to evaporation.
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Analysis results indicated that the pH in as-received manure ranged between 7.3 and 8.5.

No significant changes in the pH were observed; after two weeks in contact with the

concrete structural elements, the pH of the manure ranged ftom 7 .3 to 8.1. Typically, the

pH of concrete is dominated by two factors: the solubility of Ca(OH)z and calcium-rich

C-S-H, and soluble alkali content. The first factor not only generates a high pH, circa

12.4 at 20 "C, but also provides buffering in the long term. However, alkalis such as

NaOH (sodium hydroxide) and KOH þotassium hydroxide) will raise the pH above the

buffer limit, in excess of 13.5. Both NaOH and KOH are not well bound into solid

hydrates, are the most soluble components and unlike portlandite (Ca(OH)z), the

dissolution of these phases is not limited by their solubility but by their physical access to

the water. The way in which the pH in manure changes with time is determined by the

way in which the water-soluble species (i.e., Ca(OH)2, NaOH and KOH) from the

concrete become available for leaching.

The data presented in Table 5.6 and 5.7 suggest that changing the manure regularly

prevents the accumulation in the manure of species leached out from the concrete. In the

these conditions, in the experiments, saturation with respect to the major concrete

components such as C** and Sia* is not achieved and the pH remains close to its initial

value. The accumulated amount of species leached from the concrete seems to be too

small to alter the manure's reactivity with respect to concrete. This is because the

concrete is in contact with a given batch of manure for only a short period of time (two

weeks).
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6. EXPERIMENTAL RESULTS

Sixty reinforcement bars and seventy-four reinforced concrete beams were tested after

they had been exposed to a manure environment for 0 (control), 4, 8, 12, 18, and 24

months to determine the changes in their mechanical properties with exposure time. In

addition, systematic microstructure analyses of the reinforced concrete were made to

examine the results of chemical attack and physical degradation due to the environmental

exposure conditions; factors controlling the initial microstructure development are

strongly related to reinforced concrete durability.

6.1 Reinforced Bars

During the life time of the manure storage tanks, the reinforcement materials used in the

construction of the storage tanks are expected to come in direct contact with the manure.

Concrete normally provides a protective environment to embedded reinforcement.

However, due to improper poor construction practice and excessive mechanical stresses

as well as the chemical reactions (i.e. alkali-aggregate and sulphate reactions) that cause

expansion in concrete, ffiãy lead to concrete cracking and consequently to deterioration of

the structure. The presence of cracks in the reinforcement concrete will allow easy access

of aggressive elements present in the manure (i.e. chloride, carbonate) into the concrete.

Furthermore, penetration of manure into concrete through diffusion or through the cracks

may lower the pH of the concrete. Once the aggressive species (i.e., chloride) reach the

reinforcement, a chain of degradation processes starts. Regardless of type of

reinforcement material used (steel or FRP) the reinforcement is eventually degraded. For

these reasons, the durability of reinforcement materials was investigated by exposing the

reinforcement bars direct to hog manure environment.

As discussed in Section 5.1, three types of reinforcement bar have been investigated: (1)

steel, (2) GFRP ISOROD and (3) GFRP C-BAR. Sixty reinforcement bars were tested in

aÍial tension test after exposure to a manure environment for 0 (control), 4,8, 12, 18,24
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months. Changes in the mechanical properties such as: yield shength, ultimate strength,

and modulus of elasticity of the reinforcement bars due to exposure were investigated.

The stress-strain behaviour for each type of reinforcement bar is discussed below. The

experimental results were benchmarked against the control specimens.

6.1.1 Steel Bars

The results of tensile tests on the steel reinforcement bars after 4, 8, 12, 18, and, 24

months exposure to manure environmental conditions are shown in Figure 6.1 to Figure

6.5, respectively. The stress-strain relationship in tension results are compared to the

stress-strain curve in tension for the control specimens (not exposed to manure

environment). Summary of the results obtained for the steel reinforcement bars is
presented in Figure 6.6.

The experimental results of the steel bars after four months of exposure are shown in
Figure 6.1. The experimental results indicate that the yield strength, ultimate strength and

modulus of elasticity decrease after four months exposure.

The average yield strength of the steel bars in contact with manure \Mas 481 Mpa (with

the range of 470 MPa to 495 MPa) whereas the average yield strength of control

specimens was 514 MPa (with the range 505 MPa to 521MPa). The yield shength of the

steel bars in contact with manure decreased about 6 %o after four months exposure. A
significant reduction was also observed in the ultimate strength. The average ultimate

tensile strength of steel bars in contact with manure for four months was 577 Mpa (with

the range 560 MPa to 587 MPa) whereas the average ultimate tensile strength of control

specimens was 625 MPa (with the range of 607 MPa to 631 MPa). The ultimate tensile

strength of the steel bars in contact with manure for four months decreased about 8 %.

The average elastic modulus after four months exposure was 152 GPa (with the range

149 GPato 157 GPa) whereas the average modulus of elasticity of control specimens was

163 GPa. A decrease in elastic modulus of 7 %o after four months was observed.
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Statistical analysis on the control steel bars was performed to determine the probability of

attaining the same number during testing. If n is independent observation of x are taken,

each with the same probability of 1/n, the mean of the observation x as obtained from

this equation:

This value is called the sample mean and is the best estimate of the true mean. The

measure of the dispersion of a frequency distribution that is the square root of the

arithmetic mean of the squares of the deviation of each of the class frequencies from the

arithmetic mean of the frequency distribution. The standard deviation (s) is defined as the

square root of the variance (V(x)) :

X=

tl

Z*,
i=l

n

The coefficient of variation is generally used in percentile form but for convenience can

be expressed as a decimal by

' = JVG)
, \ *(*,-')'

where VG\:t \\ / fr n-r

For the control steel bars there was seven test performed on the bars. The values ranged

from 607 MPa to 631 MPa. The mean observation i:619.85MPa, the variance

V(*)=80.47, Standard deviation s:8.97, and the coefficient of variation C(*):t.45%

c[']: +
x

89



6.1.2 GFRP ISOROD Bars

All GFRP ISOROD bars were tested in the structural lab located at the University of

Manitoba. The preparations of the GFRP bars before and after exposure to the manure

environment are discussed in detail in Section 5 of this report. Twenty GFRP ISOROD

reinforcement bars were tested after they had been exposed to a manure environment for

4, 8, 12, 18, 24 months to determine the change in mechanical properties with exposure

time. The tension tests performed in the structural lab on the 10 mm diameter ISOROD

reinforcement bars were successful. There were no premature anchorage failures,

therefore, no excessive slippage in the grip system.

The results of tensile tests on the GFRP ISOROD reinforcement bars after 4,8,12, 18,

and24 months exposure to manure environmental conditions are shown in Figure 6.8 to

Figure 6.13, respectively. The stress-strain relationship in tension results are compared to

the averaged stress-strain curve in tension for the control specimens (not exposed to

manure environment). Figure 6.14 and Table 6.2 summarizes the test results the GFRP

ISOROD bars.

The results of the GFRP ISOROD bars after four months of exposure are shown in Figure

6.8. The experimental results indicate that the ultimate strenglh and modulus of elasticity

decrease after four months exposure.

The average ultimate tensile strength of the GFRP ISOROD bars in contact with manure

was 586 MPa (with the range of 552 MPa to 615 MPa) whereas the average ultimate

strength of control specimens was 613 MPa (with the range 540 MPa to 646 MPa). The

ultimate strength of the GFRP ISOROD bars in contact with manure decreased about 4 o/o

after four months exposure. A significant reduction was also observed in the elastic

modulus (E). The aveÍage elastic modulus of GFRP ISOROD bars in contact with

manure for four months was 38 GPa (with the range 37 GPato 39 GPa) whereas the E of

control specimens was 42 GPa (with the range of 42 GPa to 43 GPa). The modulus of
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MPa to 646 MPa. The mean observation x = 595.14MPa, the variance lr(x)=1283.4,

Standard deviation s:35.83, and the coefficient of variation C(x)= 6.2%.
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6.1.3 GFRP C-BAR bars

Twenty GFRP C-BAR reinforcement bars were tested after they had been exposed to a

manure environment for 4, 8, 12, 18,24 months to determine the change in mechanical

properties with exposure time. The tension tests performed in the structural lab on the 10

mm diameter C-BAR reinforcement bars were successful. There were no premature

anchorage failures, therefore, no excessive slippage in the grip system.

Tension test results on the GFRP C-BAR reinforcement bars after 4, 8, 12, 18, and 24

months exposure to manure environmental conditions are shown in Figure 6.16 to Figure

6.20, respectively. The stress-strain relationship in tension results are compared to the

stress-strain curve in tension for the control specimens (not exposed to manure

environment). Figure 6.21 and Table 6.3 summarizes the test results of the tension tests

for the GFRP C-BAR reinforcement bars.

The results of tensile tests on the GFRP C-BAR bars after four months of exposure are

shown in Figure 6.16. The experimental results indicate that the ultimate strength and

modulus of elasticity decrease after four months exposure. The average ultimate tensile

strength of the GFRP C-BAR bars in contact with manure lvas 775 li4Pa (with the range

oî763 MPa to 786 MPa) whereas the average ultimate strength of control specimens was

905 MPa (with the range 841 MPa to 952 MPa). The ultimate strength of the GFRP C-

BAR bars in contact with manure decreased about 14 %o after four months exposure. No

significant reduction in the elastic modulus was observed. The average elastic modulus of

GFRP C-BAR bars in contact with manure for four months was 41 GPa (with the raîge

40 GPa to 41 GPa) whereas the average modulus of elasticity of control specimens was

42 GPa (with the range of 42 GPa to 43 GPa). The modulus of elasticity of the GFRP C-

BAR bars in contact with manure for four months decreased about 2 % (Table 6.3).

During the first four months of contact with manure the GFRP C-BAR bars lost

approximately three quarters of the total decrease in strength (Table 6.3).
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6.2. Microscopic ExamÍnatÍon of the Bars

Steel bars

The manure environmental conditions (i.e. pH, wet/dry cycles and high chlorides

concentration) favoured the corrosion of the exposed steel bars. The relatively low pH of

the manure (7.3 to 8.1) and the presence of chloride ions (600 mg/L to 800 mglL), the

rapid wet/dry cycle and high RH (60% -85%) during experiment destroyed the protective

iron-oxide film, which makes the steel passive to corrosion. The Pourbaix's diagram

suggests that iron is in a passivation state at a pH value in the range of 8-12. This passive

layer can be disturbed and localized corrosion can be initiated. The pH threshold value of

about 9.5 for initiation of pitting corrosion varies, decreasing with rising temperature and

increasing with rising Cl- concentration. At the manure's pH in the range 7.3 - 8.1 and in

the presence of chloride the oxide film (i.e., hydrate ferric oxide, FeOOH and/or ferric

oxide, FezO¡) that protect þassivate) the steel from corrosion, loses its protection

capabilities and corrosion is initiated. As shown in Figure 6.7 the steel bars corroded

during the exposure to manure environment.

Microscopic examination of randomly selected specimens revealed that the corroded

areas were covered with a very thick crust immediately after they had been exposed to

the manure environment (Figure 6.23). Analysis of this crust using energy dispersive x-

ray analysis (EDXA) revealed that the crust consist mainly of corrosion products such as

FeO (HzO)x (Figure 6.23{)anda series of elements that are present in manure such as K*

and Cl- (Figure 6.238). The elements present in manure were absorbed on the corrosion

product on the surface of the steel bars. Examination of the steel bars also revealed that

the uniform corrosion (general corrosion) after the first 4 months exposure becomes

localized corrosion (pitting corrosion) thereafter. The presence of the crust on the surface

of the steel bars induced local variations in the electrochemical potential and

consequently the development of localized corrosion. Localized corrosion, generally

charactenzed by much more rapid corrosion rates compared with general corrosion, will

shorten significantly the service life of these structural elements'
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material, swelling, dissolution or blisters) of the outer surface of the bars containing

polymer resin was observed. However, microscopic examination of selected specimens

revealed the presence of manufacture imperfections such as polymer resin discontinuities

and large amounts of debris of different sizes embedded in the outer-polymer layer as

well as between glass-fiber strands. Similar features were observed in the control

specimens. The debris was found to consist of the same elements that are present in the

glass fiber strands (i.e., Al, Ca, and Si), however in different concentration (Figure

6.258). The debris is richer in Al and deficient in Ca. Examination of the 18 months-

exposed specimens suggests some GFRP degradation only on the GFRP C-BAR bar

specimens. However, the degradation area was confined only to the lugs þrotrusions)

which are to prevent longitudinal movement of the bars relative to the concrete

surrounding the bar. This may be related to the imperfections / physical damage of the

coating polymer in this area during handling. It should be noted that the imperfections /

damage were not due to chemical degradation. However, they could provide a pathway

for the ingress of moisture and chemicals present in manure into the C-BAR composite,

leading to the initiation of degradation of the fiber-matrix interface and the fibers in these

areas (Figure 6.26).

The SEM examination on randomly selected specimens from GFRP bars exposed to

manure for 24 months revealed that the polymer resin is still intact and well bonded to the

glass fiber strands. Further more the elements mapping showed no changes in the

distribution / concentration of the major ions ( i.e., Si, Ca, Al, K, Na) of the glass fibers

(Figure 6.27).
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Figure 6.26.Lignt Microscopy photo of two cross section in the lugs þrotrusions) areas

of the C-BAR bar after 18 months exposure to manure environment.
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Aluminum Ka1

Figure 6.27.The SEM examination photos of the major elements in GFRP ISOROD bar

exposed to manure for 24 months.

Calcium Ka1
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6.3 Reinforced Concrete Beams

This section presents the test results of four different types of reinforced concrete beams,

included in this study. They were discussed in detail in Section 5. Briefly, four series (4,

B, C, and D) of reinforced beams consisting of different concrete / reinforcement /

confining material combinations \ryere tested (Table 6.4). A total of seventy-four

reinforced concrete beams were tested after they had been exposed to manure

environment for 4,8, 12, 18, and 24 months.

Table 6.4.Type of reinforced concrete beams tested.

SERIES

A

B

CONCRETE / REINFORCEMENT / CONFINING

MATERIAL COMBINATION

C

Ordinary Concrete (OC) / Steel rebar

D

For series A and B the concrete was in direct contact with the manure. This simulates the

condition in which inside walls of storage tanks are in direct contact with the manure. For

series C and D the GFRP spray and PVC were used as cover materials, to prevent direct

exposure of the concrete to the manure.

Analysis of the test results for the reinforced concrete beams is discussed in terms of

load-deflection behaviour, failure mode, and cracking pattern.

Ordinary Concrete (OC) / GFRP ISOROD rebar

GFRP spray / Ordinary Concrete / Steel rebar

PVC /Ordinary Concrete / Steel rebar
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be said that yielding of the bar started before cracking. The compressive strength was

observed to increase with exposure time consequently the concrete was still strong in

tension. These may explain the yielding of the steel bar before cracking. All beams tested

have cracks around the vicinity of the steel plate, located about 400 mm from the edge.

Prior to the initiation of flexual cracking, the beam exhibited linear behaviour as shown

in Figure 6.28. Initiation of cracking occurs at the maximum value of tensile strength of

concrete that is always dependent on the compressive strength. The values of the cracking

load and the deflection at cracking ranged between 1.9 - 3.2 kN and 1.5 - 1.9 mm,

respectively. The average values for the cracking load and deflection at cracking for

control specimens were 2.5 kN and 1.65 mm, respectively. The load-deflection curve

experienced nonlinear behaviour after cracking with reduced stiffness. The ultimate load

and the ultimate deflection ranged between 2.4 - 3.2 kN (average 2.7 kN) and 16.2 - 20.1

mm (average 18mm), respectively.

The load-deflection behaviour of concrete beams reinforced with steel, after 4, 8, 12, 18,

and24 months exposure to manure environmental conditions is shown in Figures 6.29 to

6.33.

The test results of beams exposed to different time periods to manure will be discussed

separately. A comparison of the average load-deflection curve for control specimens and

specimens exposed to manure for different exposure time periods will also be made.

The envelopes of the load-deflection relationships for series A (steel reinforced concrete)

beam tested after 4 months exposure are shown in Figure 6.29.The values of the cracking

load and the deflection at cracking ranged between 2.9 - 3.1 kN and 1.9 - 3.9 mm,

respectively. The average values for the cracking load and deflection at cracking were 3

kN and 2.4 mm, respectively. The ultimate load and the ultimate deflection ranged

between 2.0 - 3.I kN and 18 - 21.8 mm, respectively, for these specimens with average

values of 3.0 kN and 19.8 mm, respectively.
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Mercury intrusion porosimetry (MP) analysis on selected concrete specimens indicated

that microstructural characteristics (i.e., pore volume, pore radius and pore size

distribution) change with exposure time. The pore structure of the reinforced concrete

govems to a large extent two of the most important engineering properties of the

hardened concrete: l) mechanical strength, and?) permeability.

The total pore volume and pore diameter decreased during the 4 and 8 and 24 months

exposure and slightly increased during thel2 and 18 months exposure (Figure 6.35). The

observed changes were attributed to the continued hydration and therefore progressive

densification of the concrete structure as manure progressively penetrated the specimen.

The lower value for cracking load after 24 months exposure compared with the cracking

load of 4 to 18 months specimens may be attributed to the observed increase in the

volume of larger pores (i.e., 10¡rm and 100¡r.m) (Figure 6.35). Furthermore, microscopic

examination of the concrete surface exposed to manure revealed that a distinctive feature

of the reinforce concrete/mÍìnure interaction was the formation of a surface precipitate

layer consisting mainly of Ca phases (i.e., portlandite, calcite), ettringite and new calcium

silicate hydrate (CHS) within the first 4 months of exposure. The concrete, as shown in

Figures 6.36 controls the chemistry of precipitates formed earlier. At the later stage, the

precipitate composition is controlled by the chemistry of manure, as shown in Figure

6.37 . The precipitate consists mainly of phosphate crystals. Precipitation of these phases

inside the open pores could also lead to a decrease in pore volume and pore size

distribution and therefore progressive densification of the concrete structure. The

observed increases in the volume of larger pores (i.e., 10¡^lm and 100¡rm) may be

attributed to deterioration of the concrete by chemical processes such as leaching of

cement phases (i.e., portlandite, calcium silicate hydrates) by the liquid manure.

124









For the series A beams the ultimate strength values are the same as the cracking load

values. The reason for this is that the diameter of steel reinforcement is small; This

diameter was needed to accommodate a size of the beam designed to fail due to flexural

failure only (Section 5.2.2).

Table 6.5. Summary of the average experimental results for steel reinforced concrete

beams after 0 (control), 4,8, 12,18 and 24 months exposure to manure

environment.

Exposure

time

(months)

Cracking

load

(kl'Ð

0

Deflection

at cracking

(mm)

4

2.5

Ultimate

load

(kl'Ð

8

3.0

1.65

12

Ultimate

deflection

(mm)

3.5

2.4

18

2.7

3.9

0.8

24

3.0

3.9

Mode of failure

Although some changes of mechanical parameters did take place in the beams reinforced

with steel, no significant deterioration of these beams took place for the duration of the

experiment (Table 6.5). However, stress induce cracking always will develop in the

actual storage tanks. They are either developed due to loading forces or due to the
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18

r.7

3.5

3.6

Flexural failure -
Rupture of bar

19.8

2.5

3.9

Flexural failure -
Rupture of bar

t7.3

1.5

3.9

Flexural failure -
Rupture of bar

20.1

3.6

Flexural failure -
Rupture of bar

21.5
Flexural failure -

Rupture of bar

19.8
Flexural failure -

Rupture of bar



colrosion of iron that is accompanied by an increase in volume of the new product.

Depending on the state of oxidation, the oxidation products may be as large as 600% of

the original metal. Once the concrete cracks, the concrete no longer protects the

reinforcement, the reinforcement will be in direct contact with the manure and the

corrosion of the steel bars will progress rapidly as observed on steel reinforcement bars

described in section 6.1.1. When the reinforced bar is directly in contact with liquid

manure, the bars corrode and a loss in strength over time occurs, which will lead to the

structure collapsing.

In all of the series A beams, the first crack was initiated in the vicinity of the steel plate

inner edge. As discussed in Section 5.2.2, the steel plate, 400 mm in length was used to

ensure that no bond failure would take place. Increasing the applied load resulted in the

formation of new cracks. These cracks were always raridomly distributed around or near

the vicinity of the first crack. Before failure, the damage was dominated by the two or

three typical flexural cracks (vertical cracks). However, only one crack led to failure. The

failure crack was always governed by the first (initial) crack near the support.

The dominant failure mode was flexural failure (rupture of the steel bar) on the tension

face of the beam (Figure 6.38).

The concrete cracks when induced tensile stress exceeds the tensile strength of concrete.

The initiation of the first crack occurs when the cracking load is reached. By applying

load beyond the cracking load resulted in the initiation of additional cracks near or away

from the vicinity of the first crack. Further loading generally, resulted in one of two

developments:

- tensile stresses in the concrete between the cracks are significantly reduced and

the cracks increase in depth ( the neutral axis shift down); or

- cracks spread at an angle from the original crack.

For series A beams (concrete beams reinforced with steel) the crack patterns were all

identical in nature. In general, the initiation of the first crack occurred near the edge of
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the steel plate where maximum tensile stresses (maximum moment) were developed. The

flexural cracks started perpendicular to the center line of the beam and extended towards

the bottom surface. The initial crack developed from the cracking load when reaching the

bottom of the beam was always the cause of failure. The additional cracks (one or two)

that were develop from increasing the applied load beyond the cracking load never

reached the bottom of the beam, the beam failure occurred.

The effect of exposure time on the applied load versus the crack width relationships for

the steel-reinforced concrete beam is shown in Figure 6.39. The average crack width was

measured with PI gauge, which was mounted on the top side face of the beam on each

side. The following equation was used to calculate the crack width (W.ug):

W'avg
h,- L,€",)

Where: Â, ir the horizontal displacement measured by the PI gauge, Lr i" 200 mm in

length (PI gauge length), €", is the maximum tensile strain of the concrete (0.13x10-3);

and n is the number of cracks passing through the PI gauge. For most beams only one

crack was passing through the PI gauge.

(1)
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strength of concrete. An increase in concrete compressive strength will produce

increase in tensile strength described by a simple equation as follow:

f ,:0.6 \F"

where: f ,

The values of the cracking load and the deflection at cracking of control beams reinforced

with GFRP ISOROD bar ranged between 2.0 - 3.0 kN and 0.7 - 2.2 mm, with average

values of 2.3 kN and 1.3 mm, respectively. The load-deflection curve experienced

nonlinear behaviour after cracking with reduction of stiffiress up to failure. The ultimate

load and the ultimate deflection ranged between 3.7 - 4.3 kN and 17.1 - 21,.4 mm,

respectively. The value of 4.1 kN was the average ultimate load and 19 mm was the

average ultimate deflection for the control beams'üiith ISOROD bar (Series B).

A total of 16 concrete beams reinforced with ISOROD bar (Series B) were immersed in

manure for various time of exposure. The load-deflection behaviour of concrete beams

reinforced with ISoRoD bar, after 4, 8, 12, 18, and 24 months exposure to manure

environmental conditions are shown in Figures 6.41to 6.45.

The series B beams were tested under a stroke control condition with a rate of 2 mm/min

up to failure. hritiation of the cracks is reflected by large reductions in load resistance

with a step-wise type of behaviour.

The effect of 4 months exposure to manure on the load-deflection behaviour of GFRP-

ISOROD reinforced concrete beams is shown in Figure 6.41. Four beams were tested for

this period of exposure. The values of the cracking load and the deflection at cracking

ranged between 2.4 - 3.4 kN and 1.3 - 3.0 ûrm, respectively. The value of 3.0 kN was the

average cracking load and 2.7 mm was the average deflection at cracking. The ultimate

load and the ultimate deflection ranged between 3.3 - 4.0 kN and 20 - 27.5 mm, with the

average ultimate load and ultimate deflection of 3.7 kN and 22.7 mm, respectively.
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Table 6.6. Summary of the average experimental results for ISOROD reinforced concrete

beams after 0 (control), 4,8, 12,18 and 24 months exposure to manure

environment.

Exposure

time

(months)

Cracking

load

(kl'Ð

0

Deflection

at cracking

(mm)

4

2.3

Ultimate

load

(kN)

8

3.0

1.3

t2

Ultimate

deflection

(mm)

4.0

2.1

18

4.1

3.2

1.4

24

3.1

3.7

Mode of failure

t.45

t9

3.85

5.3

A slight increase was also observed in the average ultimate load after 8 months exposure.

'Whereas 
after 4, 12, 18, and 24 months exposure to a manure environment the average

ultimate load values are relatively constant. The control specimens failed at art average of

4.0 kN whereas the average ultimate load for beams exposed for 4, 8, 12, 18, and 24

months to manure were 3.7,5.3, 3.8, 3.7 and 4.0 kN, respectively. The observed changes

in strength characteristics were attributed to changes in concrete mechanical properties

i.e., compressive strength. The results indicated that the exposure time did not affect the

failure mode. The dominant failure mode was flexural failure and rupture of the ISOROD

bar. Examination of the fracture revealed that failure of the ISOROD bar took place by
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22.7

Flexural failure -
Rupture bar

2.6

3.8

Flexural failure -
Rupture bar

t6.2

1.15

3.7

Flexural failure -
Rupture bar

r8.0

4.1

Flexural failure -
Rupture bar

t9
Flexural failure -

Rupture bar

18.1
Flexural failure -

Rupture bar







In general, comparable average crack widths for each specimen were observed for each

exposure time. The crack width ranged between values of 2.1mm to 2.8 mm. Specimens

with various time of exposure seemed to have lower crack width than the control

specimens ranging from 0.1 mm to 0.7 mm in difference. The average crack width of
GFRP ISOROD beams was smaller than the crack width of steel beams.

In design when comparing steel to FRP reinforced members the crack widths of the

member with steel has to be limited in size because of the corrosion problem that affect

the exposed bar when coming in contact with moisture and air. For this reason, the strain

is limited to 60 %o of the yielding strain of the steel bar at service conditions. The crack

widths for the FRP reinforced members are greater than the steel reinforced members

because of limiting the strain in service to be 1 .5 to 1.7 times greater than steel reinforced

members. The reason for this is that there is no risk of corrosion when FRP is used. But

in this case the steel used was high strength steel with higher yielding strain (0.00315)

and hence that leads to larger crack width and deflection.

Overall, no significant changes have been observed in the mechanical properties with

exposure time for the reinforced concrete beams with ISOROD bar. The measured value

for some parameters such as deflection at cracking and ultimate deflection showed large

variability (Table ó.6). This may be attributed to some degree of heterogeneity that may

exist between the concrete beams and in the reinforcement.

One of the reasons for considering replacing the steel with GFRP for concrete

reinforcement is that steel corrodes. However, use of the GFRP has its own problems; the

highly alkaline environment of concrete pore water may lead to the deterioration of

GFRP reinforcement. The chemical processes involved during the curing of concrete

create an environment (i.e., high pH) in which GFRP reinforcements are vulnerable to

chemical attack. The increase in pH of the concrete is due to cement hydration. When

combined with water, the hydration reactions produce calcium silicate hydrates (CSH)

and calcium hydroxides (Ca (OH)2). The free lime as well as the alkali oxides reacts with

water and increase the pH to values between 11.5 and 13.7. However, the final pH
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depends on the concrete mix design, the type of cement used, and the addition of
pozzolanic materials (i.e., silica fume, fly ash). The pH in concrete decreases with

maturation and carbonation. ln general, the alkaline solution produces embrittlement of

the matrix and damage at the fiber-polymer interface. Greater resistance to the high pH

can conceivably be achieved by using either an alkali-resistance polymer or alkali-

resistance fibers, or a combination of both in the manufacture of GFRP. In addition, the

use of polymer with very low permeability (i.e., very small porosity) can aid alkali

resistance. Since the GFRP bars in most of applications are under tension, the polymer

must be resistant to micro-cracking. Any defects in the polymer facilitate deleterious

solutions reaching the glass. Since the glass is the primary component of the composite

affected by alkalinity, use of alkali resistance glass in the manufacture of GFRP should

be mandatory. Examination of the fracture in the concrete beams reinforced with

ISOROD bar (Figure 6.47) revealed that after 24 months of exposure the reinforcement

bar was bonded to the concrete and no visible degradation of the ISOROD bar was

observed. It appears that under the experimental conditions in this study the ISOROD bar

was resistant to the chemical environment (i.e., high pH) present in the concrete.

The results produced by the present studies suggest that GFRP reinforcement bars

exhibited a high resistance to degradation in a manure environment. Consequently,

penetration of the manure into the concrete through diffusion or through the inherent

cracks that occur in concrete will have little influence on the degradation of the

reinforcement. FurtherTnore, the manure-pore water exchange that will take place during

tank operation will not sustain the high alkalinity in concrete over a long period of time.
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deflection at cracking werc 3.4 mm and 2.4 mm. After cracking, a non-linear behaviour

was observed up to failure. The stiffness of both control beams was reduced as reflected

by the non-linear behaviour of the deflection. Since the GFRP composite cover layer for

specimen # 1 was thicker a higher strength was observed due to the extra amount of
reinforcement. Also specimen # t had a significant reduction of the deflection compared

to specimen # 2. For example at approximately 8.25 kN, specimen # t had a 5 mm

deflection and specimen # 2 had a 16 mm. The values of the ultimate load and the

ultimate deflection were I 1.8 kN and 1 1.1 kN and 24 mm and 30.0 mm, respectively.

A total of 16 concrete beams reinforced with steel bar and sprayed with GFRP

composites were tested at various time of exposure. The description of the beams used in

Series C is given in section 5.2.2.

The load-deflection behaviour of the steel-reinforced concrete beams sprayed with GFRP

composite after 4,8, 12,18, and 24 months exposure to manure environmental conditions

is shown in Figures 6.50 to 6.54.

Figure 6.50 shows the load-deflection behaviour for the Series C beams afrer 4 months

exposure to manure environment. The values of the cracking load and the deflection at

cracking ranged between 3.4 - 4.6 kN (with an average value of 3.9 kN) and 1.0 - 1.7 mm

(with an average value of 1.2 mm), respectively. The ultimate load and the ultimate

deflection ranged between 8.9 - 9.9 kN (with an average value of 9.6 kN) and l3.l-14.3

mm (with aîaverage value of 13.7 mm), respectively.

The effect of 8 months exposure time on the load-deflection behaviour of concrete beams

reinforced with steel bar and sprayed with GFRP composite is shown in Figure 6.51. Four

beams were tested. The average values for the cracking load and deflection at cracking

have been 4.2 kN (\iith the range of 3.5 - 4.5 kl.Ð and 4.2 mm (with the range of 2.9 -
5.5), respectively. The ultimate load and the ultimate deflection ranged between 8.8 -

10.8 kN and 17.9 - 23.2 Ítm, respectivel5 for series C beams exposed to 8 months in
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The experimental results indicate that 4 months of exposure to manure environment did

not affect the stiffüess of the beams. The initial stiffness before flexural cracking for

control beams and for beams in manure for 4 months has been similar; 3.0 kN/mm (slope

of load-deflection curve). However, longer exposure time (8 to 24 months) of the beams

to manure environment had a strong effect on the stiffiress of the beams sprayed with

GFRP. The initial stiffness after 24 months of exposure was 33 % less than the control

specimens. The decrease in stiffüess may be an indication of some interaction between

the GFRP spray and the manure. This decrease in stiffness could be attributed to the

moisture (i.e., liquid manure) diffusing at the interface between concrete and the GFRP

composite layer. After cracking, the load-deflection behaviour was non-linear until

failure. This could be attributed to the random nature of the fiber distribution and the

short length of the fibers in the GFRP spray coat.

Load-deflection behaviour of the representative steel-reinforced concrete beams sprayed

with GFRP after 4,8,12,18, and 24 months exposure to manure environment and load-

deflection for the control beam are compared in Figure 6.55.

A slight decrease in the ultimate failure load was observed compared with the control

specimen. For control specimens, the average ultimate failure load was 11.5 kN. The

average ultimate failure loads at 4,8,12,18, and 24 months exposure were 9.6 kN, 9.8

kN, 10.4 ld{, 9.9 kN and 8.0 kN, respectively. However, it should be noted that the

ultimate failure load of the reinforced concrete beams sprayed with GFRP was about

three time higher (approximately 300 o/o increase) than the ultimate failure load of plain

(uncovered) beams reinforced with steel (Series A) and about two times higher

(approximately 200 %o increase) than the ultimate failure load for beams reinforced with

ISOROD (Series B). No significant changes in the cracking loads were observed in the

first 12 months of exposure to manure. The average cracking loads at 12,8, and 4 months

were very similar, i.e. 3.9, 4.2, and 3.9 kN, respectively. A slightly decrease in the

cracking load was observed after 18 months and 24 months exposure to manure. The

aveÍage value was observed at 18 and 24 months exposure, i.e. 2.4 and 2.1 kN,

respectively.
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The average values of mechanical test results for the control beams and the beams

exposed for 4,8, 12, 18, and 24 months to manure environment are presented in Table

6.7. No significant changes in the load carrying capacity have been observed in the steel-

reinforced beams sprayed with GFRP. Most of the variation of parameters measured on

these beams was attributed to non-uniformity of the GFRP sprayed coating.

As mentioned above, the GFRP spray increased the beam strength and toughness. In

addition the sprayed GFRP acted as a secondary protection layer to both the concrete and

the reinforcement; the concrete cover of the reinforcement is well protected from contact

with manure therefore steel reinforcement corrosion delays.

Table 6.7. Summary of the average experimental results for steel-reinforced concrete

beams sprayed with GFRP after 0 (control), 4,8, 12,18 and 24 months

exposure to the manure environment.

Exposure

time

(months)

Cracking

load

(klt{)

0

Deflection

at

cracking

(mm)

4

7.3

Ultimate

load

(kN)

8

3.9

2.9

T2

Ultimate

deflection

(mm)

4.2

t.2

18

11.5

3.9

24

4.2

2.4

9.6

Mode of failure

27.0

3.0

2.r

9.8

t3.7

2.2

Flexural failure -
Rupture bar

10.4

19.8

1.8

Flexural failure -
Rupture bar

9.9

17.0

Flexural failure -
Rupture bar

8.0

20.3

Flexural failure -
Rupture bar

15.7

Flexural failure -
Rupture bar

153

Flexural failure -
Rupture bar



















Table 6.8 presents a summary of the experimental results average values for the concrete

beams reinforced with steel bar and covered with PVC panels for the control beams and

the beams exposed for 4, 8, 12,18, and24 months to manure environment.

The results showed that the control specimen failed at an average load of 4.0 kN whereas

the average ultimate load value for the exposed beam for 4, 8, 12, 18, and 24 months

were 4.3 kN, 3.8 kN, 4.1 kN, 4.4 kN and 4.1 kN, respectively. The average cracking load

values for control specimen and. 4,8,12, 18, and 24 months exposure were similar, i.e.,

3.5 kN, 2.7 kN, 2.6 kN, 3.0 kN, 3.3 ld{, and 3.3 kN, respectively. Not much change in the

concrete strength due to curing was observed. The concrete being confined by the PVC

panels prevents the moisture necessary for continued hydration to come in contact with

the concrete. Comparable behaviour of cracks was observed for all specimens (series D)

tested. However, wider cracks were observed for the series D beams (increase in

deflection and tensile strain) compared to series beams (steel reinforced concrete with no

cover). The reason for this was that the PVC panels are flexible in nature, which allows a

greater deformation to occur and at the same time keeping the beam together as a unit.

The test results suggest that the steel-reinforced beams covered with PVC panels (series

D) have a higher load carrying capacity and ductility than the steel-reinforced beams

without cover (series A). The increase in ultimate load of steel reinforced beams covered

with PVC panels are attributed to the special profile (strip) embedded in the concrete

during casting. The PVC strips embedded in the concrete have similar impact behaviour

as concrete members who are strengthened using near surface mounted reinforced bars

techniques. The results suggested that the PVC panel strip when well embedded in the

concrete acts as an additional reinforcement for the concrete.

Table 6.8. Summary of the average experimental results for steel-reinforced concrete
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beams covered with PVC panels after 0 (control), 4,8,12,18 and 24 months

exposure to the manure environment.

Exposure

time

(months)

Cracking

load

(kl'Ð

0

Deflection

at

cracking

(mm)

4

3.5

Ultimate

load

(kl'Ð

8

2.7

2.r

Ultimate

deflection

(mm)

t2

2.6

4.4

18

4.0

3.0

1.2

24

4.3

Mode of failure

J.J

32.5

t.2

3.8

The ultimate failure loads of the steel-reinforced beams covered with PVC was higher

than those for the bare steel-reinforced beams, and lower than for the steel-reinforced

beams sprayed with GFRP composite. The observed increase in the ultimate failure load

may be attributed to the presence of PVC panels that act as an external reinforcement.

Among the three designs, the steel-reinforced beams sprayed with GFRP possessed the

highest values for strength and stiffness. The observed values for ductility behaviour of

the steel-reinforced beams covered with PVC panels were also higher than those for both

the bare steel-reinforced beams and the steel-reinforced beams sprayed with GFRP. The

flexible nature of the PVC panels kept the beam together even after the beam cracked.
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J.J

Flexural failure -
Rupture bar

32.0

4.1

4.1

Flexural failure -
Rupture bar

33.0

2.7

4.4

Flexural failure -
Rupture bar

34.0

4.t

Flexural failure -
Rupture bar

32.1
Flexural failure -

Rupture bar

32.3
Flexural failure -

Rupture bar





Summary and Conclusions

Manure storage is a major constraint on a confined animal production system. Liquid

manure has in the past commonly been stored in earth lagoons. In recent years, however,

there has been increasing environmental concern regarding the use of earthen lagoons.

This has augmented the use of steel reinforced concrete for manure storage tanks

aboveground.

The challenge of reinforced concrete is its long-term stability, which controls the so-

called durability or service life of reinforced concrete structures. Durability is defined as

the resistance of reinforced concrete materials to deleterious action arising from, internal,

extemal, chemical, physical and physico-chemical stresses. Due to the hostile service

environment associated with manure storage, corrosion rates of the steel reinforcement

are high. These deterioration rates led to relatively short service life of the manure

storage tanks.

In recent years, Fiber Reinforced Polymers (FRP) have received much attention as a

reinforcement alternative to corrosive steel in construction industry. These fibers are non-

corrosive and have a high tensile strength; because of their properties, the use of FRP

materials as reinforcement in concrete has the potential to increase the service life of
manure storage tank.

This study focused on the effects of environmental exposure on long-term performance of
various reinforcement bars and reinforced concrete strucfural elements (concrete type-

reinforcement combinations) for use in hog manure tank applications. The relevant

conditions included the chemicals in liquid manure solutions, temperature, moisture, and

the duration of contact of structural elements with hog manure. The effects considered

included changes in physical and mechanical properties of the structural elements. In

order to investigate the effects of environmental conditions on long-term performance of
composite materials the research program considered methodologies (test conditions) to

accelerate the degradation phenomena in reinforced concrete. Acceleration in the

experiment has been achieved by using elevated temperature and exposing the structural
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elements to wet/dry cycles. úr addition, the manure in contact with the reinforced

concrete structural elements was changed monthly, to maintain the highest reactivity of
the manure with respect to concrete.

Under the experimental conditions of this study, the mechanical characteristics of the

steel reinforcement bars were the most affected. The experimental results indicate that

both the yield strength and ultimate strength of steel reinforcement bars decreased

significantly with exposure time. Overall, the ultimate tensile strength decreased about

43o/o compared to the controlled specimens after 24 months exposure, the specimens

never reached yielding strain (0.00315). The observed decrease of mechanical

characteristics of steel reinforcement bars was due to advanced corrosion (i.e.,

localizedlpitting corrosion and/or general corrosion). This led to a substantial decrease in

diameter of the steel bars in various places and consequently to a significant mechanical

weakening. After 24 months exposure the depth of corrosion pits were about 1.6 mm.

The relatively low pH (7.3 -8.5) of the manure and the presence of high chloride

concentration (500-800 mg L-1) destroyed the protective iron oxide film, which makes the

steel resistant to corrosion that leads to the initiation of pitting corrosion. Microscopic

examinations of the steel bars revealed that the uniform corrosion (general corrosion)

after the first 4 months exposure becomes localized corrosion (pitting corrosion),

thereafter; the presence of the corrosion crust on the surface of the steel bars induced

local variations in the electrochemical potential and consequently the development of
localized corrosion. The pits formed in the steel bar surface acted as sites of stress

concentration. Localized corrosion is charactenzed by much more rapid corrosion rates

compared with general corrosion. Corrosion of steel reinforcement bars can be initiated

and maintained in a manure storage tank under two broad sets of conditions; 1) high pH

conditions in the presence of chloride ions; or 2) low pH conditions in the absence of
chloride ions. ln real life operation, the tank wall is exposed cyclically to wet/dry

conditions and significantlocalized corrosion is expected to occur.

A decrease in both the ultimate tensile strength and the modulus of elasticity were

observed for both ISOROD and C-BAR reinforcement bars, although to a much lesser
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extent than the decrease observed in the steel reinforcement bars. The overall decrease in

the ultimate tensile strength after 24 months of exposure was 20 o/o for ISOROD and 19.5

%o for C-BAR. A reduction in modulus of elasticity of 17 %o for ISOROD and 16 %o for C-

BAR was observed. Durability of GFRP is extremely complex with possible slow

deterioration of both polymer and the glass fibers. The observed decreases in strength

characteristics were attributed to moisture diffusion through the polymer, affecting the

glass fiberþolymer interface and leading to weakening of the bond. The mode of failure

of the exposed bars supports this supposition; The failure behaviour of both GFRP's bars

was characteized by surface fiber breakage. However, diffusion of solution through the

pol¡rmer may lead to glass leaching and,/or dissolution. Both processes are most severe in

alkaline solutions. The superior performance of GFRP bars in the manure environment

(low glass dissolution) may be athibuted to two factors: 1) a near-neutral pH of the liquid

manure, since the pH has a very strong effect on the leachingidissolution rate of glass as

well as on the solubility limits, two fundamental parameters that control mass loss and

are kept at their lowest values by the neutral pH; and 2) the rate of glass dissolution being

diminished by the presence of relatively high concentration of silicon in liquid manure,

one of the main elements in glass composition, decreasing the concentration gradients

between glass and manure. Microscopic examination carried out on the exposed ISOROD

and C-BAR bars to evaluate the morphological changes and the degree of degradation

due to interaction with the manure environment revealed no visible changes. The

examination showed that the polymer resin that bound and covered the glass fiber strands

is intact and well bonded to the glass-fiber strands. Furthermore the elements mapping

showed no changes in the distribution/concentration of the major ions (i.e., Si, Ca, Al,
Na, K) of the glass fibers after exposure to manure environment for 24 months.

The flexural test results on the reinforcement concrete beams showed an increase in the

cracking load with exposure time indicating that the concrete is still strong in tension.

The observed increases were attributed to the increase in compressive strength of the

concrete and its tensile strength. Changes in concrete microstructure, in particular

refinement of the pore structure resulting form increase in degree of hydration and/or

precipitation of new phases that have been observed to form on the surface of concrete in
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contact with manure; could lead to the progressive densification of the concrete structure.

The increase in the cracking load was larger in the fîrst twelve months of exposure than

in the specimens exposed to manure for 18 and 24 months. With increase in curing time

the degree of hydration becomes well advanced and the reaction slows considerable,

consequently smaller changes strength.

In general, the load-deflection relationships of all the reinforced concrete beams were

charactenzed by a linear behaviour up to cracking load, followed by a non-linear

behaviour with significant increase in deflection, formation of new cracks and reduction

in stiffiress.

The dominant failure mode for all reinforced concrete beams was flexural failure initiated

on the tension face regardless of the type of design and the type of reinforcement. The

mode of failure of reinforced concrete beams seems to be unaffected by the longer

exposure of the beams to manure environment.

The results indicate a significant improvement in the load carrying capacity and fracture

toughness through coating of the reinforced concrete beams with GFRP spray or covering

with PVC panels. The uncovered/unstrengthened reinforced concrete beams exhibited the

lowest failure load. For the concrete beams reinforced with steel rebar the ultimate failure

load was governed by the cracking load. The ultimate failure load for the concrete beams

reinforced with ISOROD bar was approximately 4.2 kN. The ultimate failure load of
reinforced concrete beams sprayed with the GFRP was 3 times higher than the ultimate

failure load of the plain beams (uncovered) reinforced with steel rebar and about 2 times

higher than the beams reinforced with ISOROD bar. Both the GFRP spray and the PVC

cover play an important role controlling the mechanical behaviour of the reinforced

concrete beams.

The increase in ultimate load of steel reinforced beams covered with PVC panels are

attributed to the special profile (strip) embedded in the concrete during casting. The PVC

strips embedded in the concrete have similar impact behaviour as concrete members,
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which are strengthened using near surface mounted reinforced bars techniques. The

results suggested that the PVC panel strip when well embedded in the concrete acts as an

additional reinforcement for the concrete. The ultimate failure load of the steel-reinforced

beams covered with PVC was higher than those for the bare beams and lower than for

those sprayed with GFRP.

No significant changes in load-deflection behaviour of steel-reinforced concrete beams

due to exposure conditions were observed. The steel reinforcement bars shown no visible

degradation from corrosion and steel bars are still well bonded to the concrete. Under test

conditions, GFRP reinforcement in the reinforced concrete showed no degradation. The

examination of the cracked area showed that the GFRP bars are well bonded to the

concrete, and that the bars failed by both fracture and pullout of the fiber. However, with

time and under stress conditions the polymer may ultimately lose its protection

capability, possible accelerating the degradation of the reinforcement.

The inherent cracks that occur in concrete seem to have had very little influence on the

integrity of the concrete and degradation of the reinforcement for the duration of these

experiments. However, cracks are always present in concrete, due for example, to:

thermal shrinkage, thermal gradients, plastic shrinkage, autogenous shrinkage, dryrng

shrinkage, and loads. The present results suggest that should the manure solution

penetrate the concrete (most likely via the cracks which normally develop over time) and

attack the steel bars, they would rapidly lose strength and lower the load-bearing capacity

of the beams. The cracks that will form in GFRP reinforced concrete beams are expected

to have little effect on the behaviour of the GFRP reinforcement, since the experimental

results suggest a very low rate of GFRP degradation (low glass dissolution) in manure.

The theoretical calculations were accurate in predicting the response of a rectangular,

under-reinforced concrete beam having either steel or FRP as internal reinforcement,

loaded statically with the modified cantilever set-up to failure. After 24 months of
exposure to manure, the steel-reinforced beams and lSOROD-reinforced beams had no

significant changes in their mechanical properties when comparing to the experimental
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results of the control beams. The reason for this was that concrete cover maintained its

protective properties and prevented the liquid manure to come in contact with the

reinforcement. However, in real life conditions, the tank will be subject to stresses, which

may facilitate to ingression and penetration of manure through concrete and consequently

the degradation of the reinforcement and strenglh reduction of the structure. In a second

theoretical calculations performed on the reinforced concrete beams \ryere assumed that

the manure was indirect contact with the reinforcement. Therefore, the values of the

experimental results for both steel and ISOROD bars were used to determine the

theoretical calculation of these beams. The theoretical results showed that under the same

environmental conditions the steel-reinforced concrete beams will lose about three-

quarters of its flexural strength, compared with the ISOROD reinforced concrete beams,

which would lose only a quarter of its flexural strength.

The approach taken in this study has important implications for the effort to determine

the long-term behaviour of FRP materials for manure storage. It is evident from this

study that the GFRP reinforcement bars exhibited a high resistance to degradation in

manure environment. It is concluded that the penetration of the manure through diffusion

or cracks that will occur in concrete will have little influence on degradation of GFRP

reinforcement bars.

The results of the laboratory studies suggest that the GFRP materials can be considered as

very promising reinforcement materials in the construction of manure storage tanks.
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