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ABSTRACT 

Experimental Study of Weepage in Multi-layer  

Glass Reinforced Piping 

Hussain M. Al Sinan 

 

Glass Reinforced Polymer pipes, commonly used in water transport applications, are 

prone to long term weepage. Weepage is defined as the transfer of fluid through the pipe 

and is considered a functional failure. An experimental investigation of weepage in multi-

layered GRP pipes was carried out in two parts aiming to understand the phenomenon to 

help enhance the weepage resistance of manufactured pipes. First, liner surface 

profilometry investigation was carried out to identify microscopic features that might 

serve in initiating weepage. Second, MRI and x-ray tomography and SEM imaging of 

pipe samples aged with water and dye penetrant was carried out to capture weepage 

development through the pipe thickness. Diffusion through liner fiber/resin interface, 

propagation in the direction of poorly wetted hoop fibers and transverse cracks were 

found to be the likely causes of accelerating weepage in the samples. Fiber rich zones in 

the liner were considered weak spots that water can use for fast penetration of the liner. 

Finally, polyester netting used to hold core layer was found to help in water 

accumulation and transport through the pipe increasing the chances of failure.  
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Chapter1: Introduction  

1.1 Motivation 
 

Fiber reinforced composite piping have been in use since the 1950's but only for non-

demanding applications as its behavior and failure modes were not fully studied and 

understood. Therefore, using such piping for high pressure services in industrial 

applications was considered risky.  Nowadays, industries are interested in non-metallic 

piping because of their corrosion resistance, lightweight and lower maintenance costs 

[19][20][21]. On the other hand, composite pipes have several disadvantages [1]; for 

instance, their properties drastically change with temperature variation leading to 

disastrous failure if not designed properly. In addition GRP pipes have lower modulus of 

elasticity making them susceptible to oscillation, hence, fatigue failure.  

Water transport applications usually rely on low-cost glass fiber reinforced pipes, 

however, a major disadvantage of using (GRP) is a common long term functional failure 

known as weepage. "The functional failure is identified in the form of leakage wherein 

the internal fluid finds a path through the pipe wall thickness. Although the functionally 

failed pipe can still accommodate loadings from structural point of view, it cannot 

practically sustain its mission" [33]. This type of failure is mainly attributed to two 

phenomena: water diffusion and micro-cracking in thermosetting composites. 

Development of micro-cracks in laminate material has been studied over the years in 

order to understand the factors behind its initiation and how to prevent it [4][5][6][31]. 

Such research topic is very essential to both manufacturers of GRP piping and end 

users. Understanding the weepage phenomenon will significantly help manufacturing 
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facilities improve their product by avoiding causal factors and suppressing its initiation. 

On the other hand, industrial facilities utilizing GRP piping can use the pipe more 

confidently without the fear of unexpected failure. It also allows for enhancing design 

and manufacturing processes in order to meet the customers' demand with a more 

efficient and profitable approach. 

Nowadays, in order to qualify a GRP piping product, it is essential to go through the 

American Society for Testing and Materials (ASTM D2992) procedure which is also 

known as the Hydrostatic Design Basis (HDB) [32]. This procedure requires 

manufacturers to test a certain number of their product for continuous amount of hours 

(maximum of 10,000 hours) until failure. At least 18 failure points must be collected by 

the manufacturer at different pressures in order to provide a log scale plot that is used to 

extrapolate the maximum strain level that the pipe can withstand for at least 3 decades, 

see Figure 1.1. According to ASTM D2992, "HDB is used to characterize fiberglass 

piping products and established confidence limits over at least three logarithmic 

decades". The current procedure of predicting weepage in composite pipes requires long 

time and resources. Manufacturers are seeking quicker and more effective ways of 

checking the durability of manufactured pipes which can serve in time and cost savings. 
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1.2 Literature Review 

Weepage is defined as the penetration of carried fluid through the body of a pipe wall and 

is considered a functional failure in Glass Reinforced Polymers (GRP) pipes. This 

phenomenon occurs as the pipe ages (could take few decades) which made it a major 

research topic in the field of composite material [4][5][6][22][31]. In this section a brief 

review of what has been studied about composite pipe weepage will be illustrated. Two 

major factors that might lead to weepage in GRP pipes will be discussed: water diffusion 

in polyester resin and micro-cracking in fiber/resin composites. 

1.2.1 Water Diffusion in Thermosetting Resin 

Since, the pipe under study is made up of layers containing polyester resin, it is important 

to shed some light on the diffusion and absorption of water properties in polyester resin/  

composites. Polyester resin much like all polymers absorbs water from the surrounding 

environment through humidity and direct contact with water [23]. Water liquid is 

Figure 1.1 Typical HDB testing curve showing failure points at different static 
strain levels and the predicted 50 years design strain level (0.65%) [2] 
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absorbed by polymer material by filling the voids between the polymer chains which 

leads to swelling [24]. Water uptake in composite leads to degradation and loss of 

adhesive properties, hence, reducing its mechanical properties [25]. There are several 

studies aimed at understanding water sorption and diffusivity in common resins used in 

making GRP pipes [26][27][28][29]. We will try to focus on studies related on some 

factors influencing water diffusion in polyester resins. 

1.2.1.1 Resin Curing Effect on Water diffusion 

Polyester resin reaction with water leads to aging caused by water diffusion which results 

in plasticization, local strain and chemical degradation [29].  Marais, S. [34], studied the 

permeability of water in unsaturated polyester resin films and found out that permeation 

flux and diffusion coefficient decreases with increasing curing time and post curing 

temperature. He attributed this behavior to the increase in crosslinking between the 

polymer chains. 

T. Benameur correlated the effect of state of cure in polyester resin with water absorption 

at 60°C [35]. Four samples were cured at 146°C at different curing times to produce 

samples with varied state of cure. The samples were immersed in water to analyze water 

diffusion behavior of each sample. The results showed significant decrease in water 

absorption with increase of state of cure Table 1.1. 

Table 1.1 Water diffusion in polyester resin at different state of curing SOC percentages [35] 

 State of Cure % Mass (g) Absorbed water (g) Water % by wt 

Sample 1 42 3.31 0.124 3.75 

Sample 2 61 3.37 0.110 3.26 

Sample 3 75 3.35 0.085 2.54 
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Sample 4 86 3.39 0.074 2.18 

1.2.1.2 Fiber Effect on Water Diffusion: 

P. S. Chua [36], studies mechanical properties of fiber glass reinforced polyester 

composite after being immersed in water. He partially attributed the decrease in shear 

strength of the composite to the detrimental effect of water on the fiber/resin interface. 

He suggested that very thin saline coupling agents can improve the performance of 

composite material by preventing water ingress through the interface. 

Similarly, Gu Huang [38] studied the effect of water on the mechanical properties and 

found that water absorption of hydrophilic groups in fiber glass and polyester resin leads 

to swelling and deterioration of the matrix and the interphase. This eventually weakens 

the composite and results in drop of its tensile strength.  

Apicella C. carried out a water aging experiment on four glass fiber polyester resin 

composites to study water sorption behavior [30].  A noticeable increase of water 

sorption was observed in the composite (20% weight glass fiber) samples compared to 

unfilled resin samples in all four polyester types at 20°C Figure 1.2. This result was 

attributed to accumulation of water in fiber/resin debonding voids or high diffusion 

coefficient at the fiber/matrix interface. At elevated temperature 90°C, polyester 

isophthalic resin sample experienced an increase followed decrease of water due to 

degradation of resin matrix developing disc shape features as illustrated in Figure 1.3. 
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Figure 1.3 Micrographs of the isophthalic resin aged in water at T = 90°C:  
(a) general view; (b) light transmission micrograph of a single bulk crack;  

(c) scanning electron micrograph of the fracture surface [30] 

Figure 1.2 Weight change kinetics in water at T = 20°C for unfilled resins (●) ((a) bisphenol A resin, (b) 

vinyl ester resin, (c) isophthslic resin, (d) bisphenol B resin) and corresponding composites (▲)[30] 
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1.2.2 Micro-cracking in GRP pipes 

Several studies have attributed weepage in GRP pipes to transverse micro-cracking 

[3][22][31]. Therefore, it's befitting to study major theories discussing crack initiation, 

propagation and fiber/ resin adhesion in fiber reinforced composite material.  

1.2.2.1 Crack initiation 

A minimum strain applied normal to the fiber direction below which no cracking will be 

initiated, threshold strain, is claimed to exist [3]. However, this does not imply that GRP 

pipes are immune to weepage at lower strain mainly because there are other factors 

contributing to weepage such as, water diffusion and chemical reaction with service 

water. This is of course applied for statically strained composites since cyclic loading can 

create cracking at lower strains due to fatigue and creep factors. 

Early visible signs of crack initiation were observed by D. Hull and M. Legg [4] while 

pressurizing ±54° glass-polyester filament wound pipes with different modes. 11 mm 

diameter tubes were internally pressurized with water at axial stress equal to half hoops 

stress (i.e. σH = 2σA) using a sealed but unrestrained end (see Figure 1.4-a).  It was found 

that thin whitening streaks developed parallel to the fibers direction with cycles of higher 

biaxial stress (σH = 2σA) which grew longer and denser as pressure was increased (Figure 

1.2-b). It was also observed that the streaks were less dense in the uniaxial hoop loading 

mode than the biaxial loading. They concluded that weepage happens at 20% of burst 

stress in biaxial loading while it happens just prior to burst in hoop stress loading.  
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White streaks are highly linked to the fact that early damage of the composite starts 

from the areas close to the fiber matrix interface. This observation was made by Jones M. 

in his experiment of testing GRP pipes made of four laminates in the configuration 

           [3]. It was observed that cracks at early stages of the test mostly 

developed in areas with high fiber density. Afterward, as the pressure increased the 

cracks propagated further in the lamina and through less populated areas. Figure 1.5 

shows microscopic images of different cracking behavior of a pipe with       ply 

configuration tested in σH = 2σA mode. Each crack has been correlated to different 

whitening streak pattern [3].  

Figure 1.4 a) Tube testing setup so that the ends are clamped and sealed but are unrestrained leading to 

hoop stress that is twice axial b)Whitening streaks parallel to woven fibers at the failure point area [4] 

a b 
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1.2.2.2 Fiber-Resin Adhesion and Matrix Cohesion 

Composite failure through transverse cracking is correlated mainly with two major 

factors: the adhesive bond between fiber and resin matrix and the toughness of the 

matrix. Johns M. suggests that the nonlinearity of the response of reinforced composite 

under strain is related to the matrix damage and the starting fiber/resin interface 

debonding [3]. It is concluded that increase of flexibility of the resin and the increase of 

spacing between fiber filaments shall enhance the overall transverse cracking resistance 

of the composite material. 

Figure 1.5 Different cracking behaviors of tested pipe cross section (a) Transverse lamina crack. (b) Interlaminar 
and oblique transverse crack. (c) Crack parallel to a lamina plane through the centre of the lamina. (d) Free edge 

delamination from tip of transverse crack [3] 
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Initial observations of damage marked by white streaking suggests fiber matrix 

debonding, however, it is also very much linked to matrix cohesion [5]. It has been 

observed that white streaking is less defined in composites with higher matrix flexibility
1
. 

M. Legg and D. Hull experimented with various flexible resins by blending different 

weight ratios of a flexibilizing resin, Impolex DlO15, with polyester resin to produce 

resin with different properties. ±54.7° glass fiber wound tubes, with different percentages 

of D1O15, were tested at σH = 2σA until failure and showed higher values of stress/ strain 

failure as percentage of flexibilizing resin increased as illustrated in Figure 1.6. 

                                                           
1
 Flexibility is resin ability to elongate in the elastic region without permanent damage of matrix. 

Figure 1.6 Stress/strain curves of angle plies with 
different percentages of D1O15 tested at 2H:1A [5] 
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J. E. Bailey studied fiber debonding mechanism in glass fiber/ thermoset composites 

cross ply laminates [0/90/0] [17]. A different annealing behavior in epoxy and polyester 

resin was observed under SEM. It was found that fiber/ polyester resin developed 

microcraking before testing had begun which was attributed to the effect of residual 

thermal strain caused by annealing from high curing temperature (Figure 1.7). 

 

Mertiny P and J Kulveinder studied the effect of fiber strength on weepage resistance. 

E/ECR glass, Basalt and S2 glass fibers embedded in bisphenol A epoxy resin system 

with a non-MDA polyamine hardener (EPON826-EPICURE9551) were used into making 

small tubes and testing them until weepage was identified. The influence of fiber strength 

was observed at (σH = 3σA) loading but without any clear understanding of the relation. 

On the other hand, tubes that were tested at (σH = 2σA) loading showed weepage 

performance that is independent of fiber strength [6]. 

Figure 1.7 SEM image showing transverse microcracks in an 
untested 0/90/0 glass/polyester laminate [17] 
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1.2.2.3 Crack Propagation 

Weeping usually happens when the initiated cracks coalesce together to from a path 

through the thickness of the composite material. The direction of the path is very 

complex and doesn't simply penetrate the wall. A simple illustration of how cracks 

coalesce is shown in Figure 1.8 where transverse cracks from different plies meet 

together. 

 Tsung-Yu P. and Richard E. [7] studied crack propagation in fiber reinforced 

polymers using 1 mm diameter glass rods that are embedded in epoxy resin and exposed 

three point bending tests. The idea of using large scale specimen is to make it easier to 

trace cracks and features around the fiber surroundings by SEM imaging. It was found 

that cracks were generated first in the matrix. As the crack grows and arrives close to a 

glass rod it generates a stress field that induces the debonding between glass and resin 

even before it physically reaches the interface. Secondary cracks are generated around the 

glass rod allowing transverse cracks to propagate around the rod and finally initiate at the 

opposite side of the glass as shown in Figure 1.9.  

Figure 1.8 Illustration of transverse cracks propagation 
scheme [3] 
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On the other hand, crack propagation through laminate composite piping is suggested 

to grow from substrate (inner) layers rather than from outer layers. This phenomenon was 

observed by M. Jones and D. Hull [3] under microscopy in multi laminae pipe testing 

where they clearly mentions that transverse cracks are more frequently present in the 

inner plies. They report that the average spacing between cracks in the outer laminae is 

more than double that of inner ones. 

In summary, weepage in GRP pipes can be driven by:. 

 Diffusion of water through the resin is influenced by the curing level which is 

attributed to better cross linking. Water diffusion is also related to the type of 

thermosetting resin used to construct the composite. 

Figure 1.9 Crack propagation stages based based on 1 mm glass rod 
observation [7] 
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 The fiber/resin interface bonding is weakened by matrix swelling and 

degradation and can accelerate the diffusion by creating extra space around the 

fiber. Adding flexiblizing agents to composite matrix can enhance the adhesion 

between fiber/resin. Thermal strains due to quick and high temperature curing 

can also lead to a debonded fiber/ resin matrix 

 Micro-cracking is believed to occur at areas with high fiber density and is 

believed to initiate from the debonding between fiber and resin matrix. Also, 

voids and debonding in the composite can serve as an initiator of micro-

cracking due to higher stress concentration at those area. 

1.3 Thesis Objective 

We have shed some light on several studies related to water diffusion and micro-cracking 

which is believed to be important factors in leading to weepage in GRP pipe. It is worth 

while noting that weepage behavior and factors can differ based on the pipe structure, 

fabrication method and raw material. The aim of this project is to experimentally 

understand weepage behavior and identify inner surface characteristics of specifically 

designed GRP pipes which lead to this phenomenon. The project will be carried out in 

two parts: 

Part I: Samples from pipes, tested for 2-3 minutes, that are identified as good, medium 

and lowest performing by the manufacturer will be analyzed. The different performing 

pipes will be put under the microscope to identify the microstructure feature variation of 

the liner layer and possibly note of specific trends. This might assist in identifying the 
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major factors leading to weepage will be investigated further in the second part of the 

project. 

Part 2: Samples from different pipes, tested until weepage by manufacturer, will be 

aged in the lab with water and dye penetrant using an in-house designed device. The 

samples under study will be cut from different performing pipes and aged at different 

conditions i.e. pressure and surface indentation. This part aims toward capturing the 

water network inside the pipe wall using advanced imaging techniques while pressurizing 

water into the samples. We want to capture water diffusion/propagation through cracks 

using X-ray Tomography and MRI imaging techniques. Weak areas will be investigated 

through microscopic imaging or SEM. The results from the first part might be correlated 

with the second in order to identify if particular areas are more prone to 

cracking/weepage than other based on the surface features. 
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Chapter 2: Description of the material 

2.1 Pipe Design 
 

The material under study is a glass reinforced polymer pipe (GRP) used for water 

services and is manufactured by Flowtite. It is essential to point out that these pipes are 

manufactured in a time/cost effective way and are only under development and testing.  

The subject pipe classification is under PN-10 (Pressure rating 10 Bar) with an inner 

diameter of 600 mm and thickness of approximately 9 mm. The pipe is composed of 

several layers with thicknesses that vary depending on the end product's desirable 

pressure rating and stiffness. Table A.1, in Appendix A, describes the multiple layers and 

their corresponding thicknesses and Table 2.1 lists main properties of each layer.  

Table 2.1 Pipe layers engineering properties 

 Liner Skin Core 

Hoop Elastic Modulus MPa 10000 39000 4500 

Axial Elastic Modulus MPa 8000 12500 4800 

Hoop Strength MPa 140 730 48 

Axial Strength MPa 105 63.2 19 

Poission's Ratio 0.3 0.29 0.18 
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Each pipe has its unique composition of raw material and is being differentiated using 

serial numbers, however, a generalized description of the composition of GRP pipe layers 

is given (Figure 2.1) in what follows. Therefore, we expect to observe slightly different 

micro structure for different pipes while investigating weepage behavior. Next, the main 

constituents and importance of each layer is described briefly. 

 

2.2 Liner Layer (Barrier + Veil) 

The veil layer, 0.2 mm thick, is made from saturating a thin glass veil (30 g/m
2
) with 

polyester resin which serve to enhance abrasion resistance of the pipe. The resin used to 

make the pipe is a medium reactivity orthophthalic polyester resin dissolved in styrene 

monomer (EPS1). The cured resin has a tensile strength of 70 MPa and a modulus of 

Figure 2.1 GRP pipe cross section showing different layers 
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3500 MPa with maximum tensile elongation of 3% and a density of 1.19 g/cm
3
 as 

specified by the manufacturer. 

The barrier layer is 0.8 mm and composed of resin and 40 to 60% chop filaments 

with a 13 µm diameter. The inner veil and barrier layers combine to make the pipe liner 

with a thickness of around 1 mm. The liner has an important role of preventing leakage of 

the service fluid in the thickness of the pipe and consequently prolonging the life 

expectency of the pipe. The liner insulates other layers of the pipe from direct contact 

with the service fluid and is designed to withstand higher strain levels in order to prevent 

propagation of water.  

2.3 Inner and Outer Skin 

Inner and outer skin layers , sandwiching the core, are composed mainly of hoop fibers 

(27%) and resin (57%)  with small percentage of chop fiber (16%). Figure A.2 in 

Appendix A illustrates the variation of raw material in the skin and core layers. Inner and 

outer skin layers are major factors in deciding the nominal pressure that the pipe can 

withstand. It is worth noting that chop fibers are randomly oriented fibres impregnated 

with resin while hoop fibers are continously wound and oriented to support hoop loading 

with ±2° variation in the axial directions. Figure 2.2 shows an SEM image of inner skin 

area containing hoop fibers travelling in the vertical direction (left of the image) while 

chop fibers are  situated in the middle of the image. 
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Typical hoop filament's diameter is around 24 µm with roving density of 2400 tex 

(g/km). On the other hand, chop fibers tend to have a smaller diameter with an average 

11-13 µm.  Figure 2.3 shows SEM images of hoop and chop fibers and Figure A.1 in 

Appendix provides a simple illustration of how fibers are oriented within inner and outer 

skin layers. 

 

a b 

Figure 2.3 Outer skin a) Typical hoop fibres b) Typical chop fibers 

Figure 2.2 Inner skin layer hoop fibers left part of the picture with 
direction top to bottom. 

a 

b 
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2.3 Core Layer 

The core layer is made up of 70% sand particles with 22% resin and 8% chop and hoop 

filaments by weight. The core area's silica sand particles consist mainly of SiO2 with an 

average diameter of 255 microns. The sand is mixed with resin and cured to produce the 

core area which is used to provide increased stiffness by adding extra thickness to the 

pipe [23]. Figure 2.4 illustrates the main features of sand core layer. Polyester netting is 

applied over the core layer to hold it together before build up of the outer skin layer. 

2.5 X-ray Tomography Illustrations  

Figure 2.5-a is a 3D illustration of a GRP pipe sample clearly displaying its different 

layers. The rich resin areas are identified in red and are mostly populating the inner and 

outer veil layers as well as the core layer Figure 2.6-b. On the other hand, fiber rich areas 

are highlighted in yellow and are mainly observed in the inner and outer skin layers as 

hoop fibers as well as in the core layer chop fibers clusters. The gray color falls between 

the sand and fiber regions and can only be distinguished by the sizes measurements 

a b 

Figure 2.4 Core Layer a) Resin and sand zone b) Chop fibre cluster area () 

Resin Sand 

Grains 
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difference. Sand grains are specified to be less than 300 µm in diameter while chop 

fiber/resin clusters have larger sizes. 

Figure 2.6 which shows cross sectional slice of a GRP pipe wall using an x-ray 

tomography. The inner and outer veils are captured as dark gray voxels since they are 

made mostly of polyester resin. Barrier layer, the inner and outer skin layers have lighter 

gray voxels because they contain a high percentage of glass fibers. It is clear that the 

thickness of each layer is not 100% accurate due to high tolerance in the manufacturing 

processes. The core layer is mainly composed of sand grains highlighted in yellow and 

fiber/resin clusters highlighted in red. Sand grains and chop fiber/resin have a very close 

grayscale level and can only be distinguished by their size difference as mentioned 

earlier.  

 

 

Figure 2.5 3D CT image of GRP pipe sample showing the constituents' distribution 

a b 

Liner Liner 
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Figure 2.6 CT image of a cross sectional slice of GRP pipe 
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Chapter 3: Experimental Methodology (Part I) 
 

3.1 Initial Pipe Testing & Specimen Design 
 

Prior to receiving samples of the GRP pipes described above, the manufacturer goes 

through a selection process based on the performance of their product. GRP pipes are 

restrained from both ends using O-rings and pressurized in the hoop direction to three 

times the nominal pressure (30 bars), equivalent to 0.94% strain, and maintained until 

failure (weepage) Figure 3.1. These conditions are utilized to accelerate the aging of 

pipes in order to identify their respective performance. Once testing is completed the 

manufacturer classifies low, medium and good performing pipes based on how long it 

takes for it to weep. 

Once testing is completed, specimens from sister pipes are cut in the hoop direction as 

shown in Figure-3.2-a using water jet cutting machine. It is important to indicate that the 

samples used in this part are from sister pipes of the tested pipes. Sister pipes are 

segments cut prior to testing a certain pipe and are only pressurized to three times the 

Figure 3.1: Pipe testing configuration at hoop stress and zero axial stress [33] 
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operating pressure for 2-3 minutes. The dimensions of the specimen under study were 

initially designed so that it can fit inside the lab's Deben Microtest machine Figure 3.2-b. 

However, due to arch shape of the samples, it was decided later that using the tensile 

machine will not be an accurate representation of the hoop loading experienced by the 

tested pipes. 

3.2 Detailed description of Samples 

As a first step in our investigation, it was decided to compare three GRP pipes that have 

been tested in manufacturer's facility and have performed in a different manner i.e. each 

pipe has survived a certain amount of hours. We shall denote "T-7", "T-4" and "T-6" as 

the name of the three pipes where T-7 is the best performing (longest time to weepage) 

and T-6 (shortest time to weepaage) is the least performing pipe as specified in Table 3.1 

below. It is worthy to note that T-6 is made from a lower viscosity resin and is cured at a 

faster rate as provided by the manufacturer (see table below). 

 

a b 

Figure 3.2 a) Specimen Cutting Orientation (not for scale) b) Specimen Dimensions (mm) 
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Table 3.1 List of samples used in material characterization part 

Pipe# Sample# Zone Performance Curing 

Time (min) 

Peak Temp. 

(°C) 

Viscosity 

(cP) 

T-6 
1,2 and 3 Random 

Low 16 131 175-200 4, 5 and 6 Fiber cluster 

7, 8 and 9 Steel band 

T-4 
1,2 and 3 Random 

Medium 19 122 300-400 4, 5 and 6 Fiber cluster 

7, 8 and 9 Steel band 

T-7 
1,2 and 3 Random 

Good 22 128 300-400 4, 5 and 6 Fiber cluster 

7, 8 and 9 Steel band 

Further, three zones were classified based on the inner layer features for each pipe 

Figure 3.3. These zones are: random, fiber cluster and steel band zone. While random 

zone is quite self-explanatory, fiber cluster zone samples are areas where the inner liner 

turns to be whiter than other areas because it contains higher density of chop fibers in the 

barrier layer. Steel band zone samples are cut at slightly grooved areas created by the 

manufacturing process which uses a continuous steel band to produce the pipes. 

Therefore, the surface profile comparison will be based on two variables which are the 

pipe performance and the specified zone. 

Figure 3.3 Pipe samples cut from different areas using water jet machine. 
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3.3 Liner Surface Observation Techniques 

In the "Description of Material" chapter, it was mentioned that the liner layer acts as a 

barrier layer that prevents water from propagating through the pipe's wall. As a result, it 

was decided to investigate the inner liner profile for the three selected pipes. In order to 

create a systematic approach, a unified liner surface area will be observed using 

microscopy, surface profilometery and SEM. The observation area is chosen in the 

middle of each sample as shown in Figure 3.4. 

 

3.3.1 Microscopy 

A continuous surface profile images for 9 samples (3 per pipe) will be created by gluing 

multiple overlapping microscopic images together. This step is necessary to give a 

general perspective of how the surface of each pipe/zone might differ in terms of amount 

of fibers, cracks and general features. General observations will be noted between the 

three pipes and the different zones. 

Figure 3.4 Unified Zone of observation (not to scale) 
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3.3.3 Surface Profilometry 

There are two types of profilers that can be utilized to observe the liner surface which are: 

mechanical profiler and laser profiler. The mechanical profiler is 3D Dektak8 which has a 

1mm vertical range and maximum vertical resolution of 15 nm. The laser profiler 

available is 7300 3D Zygo Profiler, with a Profile heights ranging (<1nm up to 20000um) 

which uses white light interferometry (SWLI) technology. Before using these techniques, 

it was essential to qualify each device by comparing the measurements from SEM images 

with measurements of each device. 

It was determined that the mechanical profiler was qualified by comparing 

measurements of the same features using SEM and mechanical profilometery. Figure 3.9 

shows mechanical profiler measurement and its respective measurement using SEM 

imaging. The results showed that mechanical profiler is accurate in describing surface 

profile of sample's liner.  

~25 

a b 

Figure 3.9 Comparison between a) SEM measurement b) mechanical profiler measurement in direction of 
red arrow 
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On the other hand, the laser profiler was disqualified for incompatibility of sample 

material with the technique and failing to recognize the glass fiber filaments on the 

surface. This was mainly attributed to glass fibers distortion of the laser light signal. For 

instance, Figure 3.10 is an image of glass fiber filaments obtained using laser where the 

fibers are hardly visible. In addition, the device was found out of calibration. 

 

3.3.2 SEM imaging 

In addition to microscopy and surface profilometry, Scanning Electron Microscopy 

(SEM) images will be obtained in order to capture features in liner surface.  Only features 

from best (T-7) and worst (T-6) performing pipe at one random zone sample from will be 

observed due to time constraints. 

  

Figure 3.10 Surface image of glass fiber filaments using laser profiler. 
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Chapter 4: Results (Part I) 

4.1 Microscopic Images 

Figure 4.1 below shows 0.3 × 4 mm microscopic image of liner surface of random zone 

samples for T7, T4 and T6. It was observed that the concentration of surface defects and 

visible chop fiber filaments were most for T7 and least for T6 while T4 had an in-

between concentration. Moreover, it was easier to capture a full screen image with less 

blurry areas for T6 samples which implies a soother surface than other pipes. 

 

Similarly for fiber cluster zone area (Figure 4.2), observations were noticed in terms of 

defects and amount of chop fibers. Moreover, the microscopic picture of T-7 Sample#5 is 

divided into two regions with different color intensity. This difference might be related to 

Figure 4.1 Random zone surface image 

Hoop direction 
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to the fact the two region are at a different distance from the microscope lens which 

creates a blurry zone when trying to focus on the top or bottom region. Such defect was 

expected to be found in the steel band zone due to missalignment of neighboring steel 

bands. 

 

Finally, the pattern did not change much when it came to the steel band zone area 

(Figure 4.3). Smoother surface for T6 and higher concentration of chop fiber in T7. 

Specific defects or features related to the steel band zone grooved area were not noticed 

at this stage.  

 

Figure 4.2 Fiber cluster zone surface image 

Hoop direction 
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After completion of microscopic images, a pattern was certainly realized between all 

three pipes but it was not the expected result. This is considering that the best performed 

pipe had more imperfections and more chop exposed from the surface while the 

smoothest looking surface belonged to the worst performed pipe. This triggers a lot of 

questions about how pipe surface finish is related to crack initiation/propagation.  

4.2 Mechanical Profilometry 

A mechanical profiler scans the surface of an object using a thin tip (~1µm) and records 

the surface variation along the line scanned. A 10 mm line scan was taken along the same 

area of interest that was specified earlier. The same nine sample chosen in microscopy 

section were used in this part. It is important to note that the surface roughness evaluation 

is based on qualitative observations. 

Figure 4.4 Steel band zone surface image 

Hoop direction 
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In Figure 4.6, it is noticeable that T6 has the smoothest curve for the random zone while 

T7 has the highest surface roughness and possibly cracks. T4 has a medium roughness as 

expected. The arc shape dip of the random zone was on average 45-50 microns.  

In comparison to random zone, fiber cluster zone has more peaks along the 10 mm 

profilometry reading refer to Figure 4.7. Of the three pipes, T6 has the highest peak 

amplitude with an average of 10 microns. This variation might be related to the fact that 

the area is highly populated with chop fibers. The overall surface roughness between the 

three pipes is the same as random zone with a decrease in the arc shape dip to 25-35 µm. 

Finally, profilometry results from steel band zone samples Figure 4.8 display the same 

surface roughness between the three pipes, however, the samples' arc dip increase to 60-

65 µm. 
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The results from mechanical profiler validate the previous observations obtained by 

microscopy. Moreover, it also shows surface profile and curvature is not constant as a 

matter of fact it is influenced by the concentration of fiber at the area and the features 

caused by manufacturing processes such as steel band groove.  

4.3 SEM Imaging 

Figure 4.9 illustrates some features of the best pipe's (T-7) inner liner surface texture 

which has been discussed in Microscopy section. Figure 4.9-a shows a chop fiber slightly 

debonding from the resin matrix while Figure 4.9-b displays a footprint of another fiber 

that might have broken during manufacturing or testing of the pipe. Moreover, Figure 

4.9-c, d shows a network of fibers being exposed from the matrix either generated by 

pressurization of the pipe or it could be originated by the manufacturing process. 
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On the other hand, the lowest performance pipe (T-6) (Figure 4.10-a, b) show slight 

deformation & scratches of the surface related to the resin matrix but no extreme 

debonding. Figure 4.10-c, d does illustrate similar features as in T7 (i.e. fiber debonding 

and breaking out), however, such areas are more difficult to find in T6 specified zone 

than in T7. Overall, the results from SEM were matching with preliminary observations 

from microscopy section. 

b a 

d c 

Figure 4.9 SEM images of T7 surface features a) fiber/resin debond b) breaking fiber footprint c) exposed 
fiber area d) fiber cluster 
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4.4 Summary (Part I) 

Surface profile of the inner liner and its features based on the pipe performance and zone 

were investigated. It was found that the best performed pipe T7 had the most surface, 

debonding chop fiber filaments and most roughness. On the other hand, T6 the least 

a b 

c d 

Figure 4.10 SEM images of T6 surface features. 
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performed pipe had the least chop fiber on the surface and smoothest surface profile of 

all. 

From initial findings we can point out that presence of chop fibers on the surface 

of the liner is common and the increase of density of fibers on the surface does not lead to 

a lower performance. The main influence in deciding the quality of the pipe might be the 

bonding strength (adhesion) between the fibers and the resin. Moreover, faster curing of 

resin at higher temperatures might have caused thermal strains and debonding between 

liner fibers and polyester resin before subjecting the pipe to testing which was observed 

by J. E. Bailey [17].  

These results will help us correlate the results from water aging of the next batch of 

samples. Water path initiation might be related to a certain zone in the pipe which we 

have already analyzed and can easily refer to by detecting the sample surface. 
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Chapter 5: Experimental Methodology (Part II) 

5.1 Pipe Testing & Specimen Design 

The pipe samples provided in this section are obtained from different pipes than (Part I) 

of this project. The pipes observed in this part have been tested at manufacturer's facility 

to failure at 3-4 times the nominal pressure and exposed only to hoop stress as described 

previously in Figure 3.1. There are also samples cut from fresh pipes that have not been 

tested yet. Refer to table 5.1 for detailed list of the samples available and their 

performances. The sample names will be given based on the plate and the sample number 

e.g. P#2 S#1 refers to Plate#2 Sample#1. 

Table 5.1: Samples used in part II and their performance 

Pipe Plate # Performance Cut Location No. of Samples 

A P#1 Medium 

(T= 600 hrs,  

h=1.03 %) 

Weeping 1 

P#2 Non weeping 9 

B P#3 Good 

(T= 1200 hrs,  

h=0.94 %) 

Weeping 9 

P#4 Non weeping 9 

C P#5 Good* 

 

Weeping 9 

P#6 Non weeping 9 

D P#7 Low 

(T= 30 hrs,  

h=0.88 %) 

Weeping 5 

P#8 Non weeping 9 

E P#9 N/A** Not Applicable 9 

P#10 Not Applicable 9 

T: Testing time until weepage 

h: Strain in the hoop direction 

*Data are not provided 

**P#9 only tested for 2 minutes and P#10 is Fresh 
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Since this step requires pressurization of the samples, their design have changed in order 

to allow for enough surface area for pressure application and volume for weep 

investigation. The samples were designed in a circular shape with 40 mm diameter and 

two notches that work as references of hoop/axial direction Figure 5.1.  

5.2 Reference Observation of Samples Features Using X-ray Tomography 

We start by observing common features of pipe layers using x-ray CT machine. The 

available tomograph is rated for 225 kW power with maximum voxel visibility of 5 

microns depending on how close the object is from the x-ray source.  The fluid used to 

age the sample is a mixture of 5 ml of isopropyl alcohol, 5 ml of Kodak photo solution, 5 

ml of distilled water and 30 g of zinc iodide [11].  

Figure 5.2-a,b are slices of different samples taken normal to hoop cross section. 

Transverse cracking defects can be observed beween the core and outer skin layers of the 

samples. Figure 5.2-c is a cross section slice in the hoop fiber's direction which clearly 

shows the existence of voids in the outer skin layer. Figure 5.2-d displays a discontinuity 

Figure 5.1 Sample dimensions 
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in the hoop fibers which happens to be a transverse cracking area shown in Figure 5.5-a. 

On the other hand, defects in the inner skin and liner layers are rare which indicates better 

compaction. Finally, as expected the sand core layer to showed high porosity shown as 

black circular areas in the middle of the samples Figure 5.3. 

 Figure 5.2 CT images of common outer skin features of supplied GRP pipes 
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Figure 5.4-a shows is a top cross section showing a developed transverse crack in the 

outer skin layer between hoop fibers in P#3 S#3. Moreover, Figure 5.4-b illustrates the 

location and relative size of gaps that can be found in the outer skin layer emerging 

between a hoop fibers.  

Figure 5.3 CT images of common outer skin features of supplied GRP pipes 
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b 

Figure 5.4 Top view of P#3 S#3 a) Transverse crack along the hoop fibers b) Voids near hoop fibers 

Moreover, polyester netting, used to hold the sand core layer, was observed in all the 

samples, see Figure 5.5. 
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5.3 Feasibility Studies 

Prior to commencing sample testing, two feasibility studies were carried out. The first is 

water saturation limit at different conditioning parameters to identify water absorption 

level at best case scenario i.e. when water is diffusing from all sides. The second study is 

aimed to check available MRI device sensitivity to water in GRP samples at high water 

saturation levels. The details of both studies are further explained next. 

5.3.1 Water Saturation Limits 

This feasibility study is carried out to observe the absorption level in the samples at 

various conditions. This is to create a bench mark of how long it takes to saturate the 

samples when immersed in water without barriers. The samples are first cleaned using 

acetone and then dried in the vacuum oven at 35°C for 3 hours. The samples are then 

exposed to different pressure and temperature conditions while immersed in distilled 

water. The conditions are listed in the Table 5.2 below along with the maximum 

saturation level achieved after 5 days of immersion in water. 

Figure 5.5 Sand netting between core and outer skin 
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Table 5.2 Samples conditioning parameters 

Sample Temperature Pressure Water % by weight 

after 5 days P#7 S#1 65°C Atmospheric 0.8 

P#7 S#2 0.75 

P#7 S#3 Room Temp. Atmospheric 0.6 

P#7 S#4 0.65 

P#7 S#5 Room Temp. 7 Bars 1.55 

 

The results of feasibility study show that samples with immersed under 7 bars of pressure 

absorbed about 1.5% of water by weight. Samples in heated water bath absorbed half of 

the pressurized sample percentage with 0.8% and the samples in room temperature water 

absorbed 0.6%, the lowest of all samples. The test also shows that samples absorb most 

of the water in the first two days and the water uptake plateaus as shown in Figure 5.6.   

Figure 5.6 Sample water absorption percentages based on conditioning parameters 
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5.3.2 MRI Sensitivity 

In order to check the sensitivity of the MRI machine, an all side diffusion was conducted 

to saturate selected pipe samples with water. This test is also aimed to understand core 

and skin layers diffusion behavior of several pipes by comparing weeping samples to non 

weeping ones. The samples was immersed in water and pressurized by air compressor at 

7 bars (Figure 5.7) for  three days and the results are shown in Table 5.3.  

Table 5.3 Three day all side diffusion test results 

Sample Initial Weight (g) Final Weight (g) Water % by 

weight 

P#1 S#0 20.575 20.900 1.6 

P#2 S#1 20.650 20.995 1.6 

P#3 S#2
 

21.370 21.622 1.2 

P#4 S#1 21.179 21.522 1.6 

P#7 S#1 22.939 23.330 1.7 

P#8 S#4 22.495 22.847 1.5 

P#9 S#2 20.933 21.245 1.5 

P#10 S#1 22.397 22.747 1.6 

 

Figure 5.7 Testing setup using total immersion and air 
compressor 
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Figure 5.8 shows the results of imaging the volume illustrated in Figure 6.1 and 

projecting onto a single 2D image. The sample's boundaries were identified using a wet 

tape attached to the outer layer. The wet tape image was obtained at a standardized 

position and then imposed on other images. Calculation of the image dimension in pixels 

(256 × 256) reveal that one pixel is equivalent to 0.2 mm which is the smalles detail that 

can be observed. 

Obtained images (Figure 5.9) show that MRI can give consistent characterization of 

samples of the same pipe i.e. samples from the same pipe tend to have similar overall 

distribution of water. It also shows that core layer of different pipes react differently to 

water ingress which could be related to raw material composition of the pipe or type of 

sand used. Further, images show widespread distribution of water in the low performing 

samples (P#7 S#1 and P#8 S#4) as opposed to less distributed water in good performing 

samples (P#3 S#2 and P#4 S#1). However, all side diffusion is not an accurate 

representation to real life conditions and no conclusions can be drawn from it. 

Figure 5.8 MRI scanning zone highlighted in red and 
orientation point of view 
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a) Plate#1 Sample#0 b) Plate#2 Sample1 

c) Plate#3 Sample#2 d) Plate#4 Sample#1 

e) Plate#7 Sample#1 f) Plate#8 Sample#4 

g) Plate#9 h) Plate#10 

Figure 5.9 MRI images for tested samples with 30 minute imaging time 
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5.4 Development of Through Liner Testing Technique 

After completion of the feasibility studies, the next step is to develop a way to pressurize 

the samples from the liner's side. The first idea was a very simple epoxy coating around 

the edges and the outside of the sample (Figure 5.10). An epoxy mixture was applied to 

the sample with 24-hour drying period. The result was uneven coating thickness since 

there is no way to control it and the drying was not completed.  

The sample was immersed completely with water in a small pressure vessel and 

pressurized with an air compressor to 7 bar similar to the first feasibility study. This 

technique was not effective since the epoxy used was not a good water insulater and the 

fact that the sample is exposed to 7 bar pressure from all sides. Based on the results, this 

technique was abandoned. 

The next idea was to encapsulate the sample in a container where only the liner surface is 

exposed. And at the same time allow for a positive difference in pressure between the 

inner and the outer layers. The proposal was to use glass and epoxy resin to achieve this 

method. The especially blown glass was made in the shape of a cup where the sample can 

Figure 5.10 Epoxy coated sample 
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fit loosely within it. Next, sample loose area was filled with silicone tape and then with 

epoxy resin which is then cured in an oven (Figure 5.11). 

Next, the sample was immersed and tested in the same pressure vessel at 7 bars to check 

the performance. It was found that water seeped in from the interface between glass 

container and epoxy resin and into the cavity. Moreover, it was impracticle to have the 

samples fixed with resin because it cannot be reused or cut which is a big disadvantage. 

This direction was not effective. 

a b 

Figure 5.11 Glass enclosed with epoxy resin sample 
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Finally, a device was designed to fix the sample in position temporarily for pressure 

application. The device is constructed out of two metallic plates and a cylindrical tube 

where the sample is sandwiched in between Figure 5.12-a. A rubber o-ring is used to seal 

the fluid to be pressurized from leaking out to the atmosphere. A threaded hole is 

provided opposite sample side for compressed air/nitrogen connection Figure 5.12-b. The 

whole assembly is put tightened together using stud bolts and nuts. Engineering drawing 

of the device are displayed in Appendix B. 

 

The device was filled with water and connected the air compressor as a test. The device 

successufly withstood 7 and 9 bars pressures with zero leakage from the O-ring side as 

shown in Figure 5.13. It was agreed that samples shall be tested using this device from 

a b 

Figure 5.12 Through liner pressure device a) Final product b) Cross section sketch of device and its major 
components 
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that point onward. Also, 20 bars of pressure was achieved using a 150 bar nitrogen 

cylinder. It is important to note that the the inner diameter of the tube is 25 mm which is 

effective liner testing area. 

 

 

  

a 

b c 

Figure 5.13 Different setups providing different pressure a) 7 bars b) 9 bars c) 20 bars 



66 
 

Chapter 6: Results (Part II) 
 

Results from various through liner testing of multiple samples will be discussed in this 

chapter. We expect the tests will give a better understanding of weepage in the pipe 

samples. Two main techniques will be used to observ water propagation through the 

thickness: Magnetic Resonance Imaging and X-ray Computed Tomography. Please refer 

to Appendix C for brief overview of each techniques and their use in composite research 

field. 

The testing begins by cleaning the sample with acetone and vacuuming under 35°C for 

4 hours. The sample weight is then recorded along with the test starting date and time. 

Afterward, the sample is fixed in the device and distilled water or dye penetrant is poured 

in the tube. The dye used to age the sample is a mixture of 5 ml of isopropyl alcohol, 5 ml 

of Kodak photo solution, 5 ml of distilled water and 30 g of zinc iodide [11] Finally, the 

assembly is connected to the air compressor through the threaded hole and test is 

commenced. It is worthwhile noting that in our tests there is ngeligible strain applied to 

the sample as opposed to the real life testing conditions. 

6.1 Through Liner Testing of P#3 S#1 

Table-6.1 Below shows results of testing P#3 S#1 that were carried out using the testing 

device. Less than 0.01 grams (0.03%) of water increase was measured after testing for 2 

days at 7 bars which is significantly lower than all side diffusion test results. P#3 S#1 was 

tested agin at 9 bars for 8 days which yielded in doubling the amount of water absorbed 

by the sample to 0.06%.  
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Table 6.1 Weight increase of P#3 S#1 at different pressures. 

Test 

# 

Sample# Pressure 

(Bars) 

Initial 

Weight 

(g) 

Final 

Weight 

(g) 

Test 

Duration 

Water 

Weight % 

1 P#3 S#1  7 21.325 21.332 2 days 0.03 

2 P#3 S#1  9 21.33 21.343 8 days 0.06 

The result shows that the pipe liner, designed to prevent water from propagating 

through the sample, is effective in limiting water absorption. However, it does not 

completely seal water ingress as the increase in weight is noticeable. It was not possible 

to detect water using MRI imaging due to low hydrogen proton density in the sample. 

Also, it is observed that sample tested developed a darker color at the effective 

pressurization zone (25 mm diameter) which is believed to be directly related to water 

diffusing in the liner Figure 6.1.  

Figure 6.1 P#3 S#1 showing color change at the water 
pressurization zone 
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6.2 Through Liner Testing of P#5 S#9 

An artificial 1.5 diameter hole was drilled in the liner of P#5 S#9 with a 1mm depth 

Figure 6.2. This is in order to study how the water uptake vaires in the sample if the liner 

layer is damaged. After testing the sample for two days P#5 S#9 absorbed 10 times more 

water than P#3 S#1 in the same period Table 6.2. This confirms the fact that the liner 

layer role in sealing water inside the pipe and preventing weepge is essential.  

Table 6.2 Weight increase of P#5 S#9 at different pressures 

Test 

# 

Sample# Pressure 

(Bars) 

Initial 

Weight 

(g) 

Final 

Weight 

(g) 

Test 

Duration 

Water 

Weight % 

3 P#5 S#9 9 21.760 21.88 2 days 0.5 

 

MRI imaging  was effective in detecting water in P#5 S#9 with 0.5% of water. Figure 

6.3-a displays a hoop view image of water distribution in the sample  where wet tape can 

be seen at the bottom of the image (1), water situated 2 mm above it (2) and volumes of 

water at 8 mm above the tape (3). A top view slice of the water network situated at 

location (2) is shown in Figure 6.3-b.  

Figure 6.2 P#5 S#9 with an artificial defect in the liner 
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Moreover, dye penetrant was found in the inner skin layer in the direction of hoop fibers 

(Figure 6.4-a). A top view cross section at the inner skin layer shows dye ingress between 

hoop fibers (Figure 6.4-b) and managed to find a path extending throughout the entire 

captured images (approximately 15 mm).   

Figure 6.5 shows propagation of dye through the thickness of the sample reaching the 

outer skin layer but again there is no obvious propagation path between inner skin layer 

Figure 6.4 CT image of P#5 S#9 dye propagation through hoop a) Side view b) Top view cross section at red 
dashed line 

a b 

Figure 6.3 MRI image of through liner tested Plate#5 Sample#9 with artificial defect for 2 days at 9 bars a) hoop 
view of water distribution in the sample b) Top view slice of water zone 2 mm from bottom of sample. 

a b 
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and core layer. Sand layer shows uniform propagation of dye penetrant throughout the 

thickness via sand, chop fibers, and resin.   

P#5 S#9 was imaged one more time after being stored idle for 2 weeks and was found to 

have dye situated in a different configuration Figure-6.6. It is very probable that the dye 

seeped through the voids of the sample and settled above the outer skin layer. The dye 

seemed to settle by influence of gravity around the polyester netting area between core 

and outer skin layers discussed in section 5.2.   

a b 

Figure 6.5 3D image of Plate#5 Sample#9 pressurized with dye a) Full sample b) Dye distribution in the sample 

5 mm 5 mm 

a b 

Figure 6.6 3D image of Plate#5 Sample#9 settling of dye at netting area after being stored for 2 weeks a) Full 
sample b) Distribution of dye in the sample  

5 mm 5 mm 
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SEM imaging of a cross section normal to hoop direction of the sample P#5 S#9 revealed 

a large number of debonded hoop fibers in the inner skin Figure 6.7-a. This volume is 

directly correlated with dye penetrant line in Figure 6.5 and shows that such defect was 

originated from manufacturing. Moreover, netting of sand core layer have been identified 

2 mm from outer surface of the sample Figure 6.7-b which can be correlated with the 

netting image shown above (Figure 6.6). It was also observed from SEM images that the 

outer skin layer has more voids and defects as opposed to inner skin layer which seems to 

have better compacting. This can be related to the manufacturing process since the inner 

skin layer is built on directly on a smooth steel band while outer skin is built on a rough 

core layer. 

 

  

a b 

Figure 6.7 SEM images of P#5 S#9 cross section a) Hoop fiber debonding area b) Netting 
between core layer and outer skin. 
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a 

6.3 Through Liner Testing of P#8 S#9 

A 2.5 mm diameter hole was drilled in sample P#8 S#9 and was tested at 20 bars using 

nitrogen cylinder for 2 days Figure 6.8. The hole was designed to penetrate through the 

liner and inner skin layers (approximately 2 mm) to study the propagation of dye in the 

sand core layer. The obtained images show the dye propagating in the inner skin hoop 

fibers direction at several areas Figure 6.9-a, c. Moreover, the dye penetrated through the 

core layer utilizing existing voids and chop fiber/resin constituents Figure 6.9-b, d. 

 

 

 

Figure 6.8 P#8 S#9 artificial hole through the liner and inner skin. 

Figure 6.9 2D slice images of Plate#8 Sample#9 with artificial defect in the inner skin 
showing dye distribution the sample after 2 day testing at 20 bars a,b) Hoop direction 
c) Top view cross section d) Axial direction 
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b 

c 

d 

 

 

 

 

Figure 6.9 (continued) 

A 3D illustration of the dye penetrant volume is shown in Figure 6.10-a, b which was 

constructed after suppressing low grayscale values to show only dye related voxels. High 
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density of dye is present around the edges of the hole (label 1) which is connected to a 

passage between the inner skin and core layer (label 2). The passage is then connected to 

spherical volumes which are most likely voids and resin/chop fiber constituents of the 

core layer. In the core layer, dye is mostly visible around hoop fibers (label 3) and 

resin/chop areas (label 4) and small dots representing sand particles which are more 

uniformly distributed throughout the sample. Finally, the path did not reach the outer skin 

layer or escape from the sample due to the short testing period. 

Figure 6.10 3D images of Plate#8 Sample#9 with artificial defect in the inner skin showing 
dye distribution the sample after 2 day testing at 20 bars a) Top view b) Hoop side view 
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6.4 Through Liner Testing of P#8 S#7 

P#8 S#7 was tested with dye penetrant at 20 bars of pressure using nitrogen cylinder for 12 days. 

Two CT scans were taken at 5 day, and 12 days in order to observe the dye penetrant path 

development in the sample. The weight increase of the sample shown in Table 6.3 was in the 

scale of mille grams as expected from previous tests 

Table 6.3 Weight increase of P#8 S#7 at different pressures 

Initial Weight (g) Weight After 5 days Weight After 12 days Final Water % 

22.970 22.983 22.993 0.1 

After 5 days of testing a yellowish spot developed in the liner surface Figure 6.11. The defect in 

the liner was detected in the tomography scan but no obvious path through the thickness was 

observed at this point Figure 6.12-a, b. No visible signs of water path were detected after twelve 

days of testing, however, the intensity of the dye slightly increased Figure 6.12-c, d. Also, White 

lines were observed on the liner surface of Figure 6.10-b,d corresponding to chop fibers which 

were grew brighter after 12 days. 

Figure 6.11 Pl#8 S#7 showing liner discoloration after 5 days of 

through liner testing with dye penetrant. 
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Since it is intuitive to assume increase in weight is caused by more dye penetration, it's important 

to trace the distribution of dye in the sample at different testing periods, thus, comparison 

between 3D-volume images were carried out. Figure 6.13-a, c shows the top view of the two 

scans where an increase in the density of dye on the surface of the sample was observed after 12 

days of testing. Moreover, volume reconstruction of dye voxels with high grayscale level Figure 

6.13-b, d show the advancement of dye towards the edges where it seeps in the direction of hoop 

fibers  of the outer skin layer and exiting the sample. 

 

a b 

c d Figure 6.12 P#8 S#7 pressurized using device for a,b) 5 days c,d) 12 days 

a) 5 days b) 5 days 

c) 12 days d) 12 days 
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After obtaining the results from x-ray Tomography, it was essential to have an up-close 

analysis of the surface morphology at weak areas in the samples. SEM imaging revealed 

that the yellow spot corresponds to a rich chop fiber zone exposed to the surface along 

with what seems to be an emerging hoop fiber Figure 6.14-a. The liner also shows signs 

of surface fiber debonding and breakage from the matrix and swelling of polyester resin 

around it Figure 6.14-b.  

Figure 6.13 3D CT images of P#8 S#7 pressurized with dye penetrant for different periods as specified in the pictures 

a) 5 days b) 5 days 

c) 12 days d) 12 days 
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6.5 Through Liner Testing of P#7 S#3 

A more intensive test was carried out using nitrogen cylinder. The nitrogen pressure was 

fixed to 20 bars using pressure regulator and was maintained for 20 days Table 6.4. A 

weight increase of 0.07% of water was observed and liner of P#7 S#3 developed sign of 

water ingress characterized by several white bulges on the surface Figure 6.15. 

Table 6.4 Weight increase of P#7 S#3 at 20 bars 

Test 

# 

Sample# Pressure 

(Bars) 

Initial 

Weight 

(g) 

Final 

Weight 

(g) 

Test 

Duration 

Water 

Weight % 

4 P#7 S#3 20 23.019 23.033 20 days 0.07 

 

 

 

 

a b 

Figure 6.14 SEM P8 S#7 liner surface images a) Fiber cluster zone b) Fiber breakage and debonding from 
the liner. 
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The bumps  have an amplitude of 50-60 microns and a diameter between 1 and 2 mm 

as measured in the mechanical profiler Figure 6.16 and Figure 6.17. This kind of curve 

was not observed in the first part of the project as the maximum amplitued of found was 

20 microns (refer to section 4.2). This shows that with enough time and pressure, water 

will eventually find away through the liner.  

Figure 6.15 Whitening areas with bumps developing after 
three weeks of pressurizing at 20 bars 

1 

2 
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Figure 6.16 Mechanical profiler measurement position and direction of arrow#2 in Figure 5.9 
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Figure 6.17 Mechanical profiler measurement position and direction of arrow#1 in Figure 5.9 
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Next, sample P#7 S#3 was imaged using MRI so that the detection zone includes only 

the inner skin and liner layer. A smaller detection zone and long imaging period allows 

for better feed back and higher signal to noise ratio. The image obtained showed 

concentration of water through the liner and inner skin layers Figure 6.18-a.  

As expected, water was mainly positioned near the centeral area that was affected by 

the 3 week testing Figure 6.18-b. This confirms that water was able to penetrate or 

diffuse through the liner's pressurization zone to the inner skin. Note that water might 

have propagated further in the sample thickness but was not captured in this image 

because of the sample imaging zone choice mentioned earlier. 

a b 

Figure 6.18 MRI image of through liner tested Plate#7 Sample#3 for 3 weeks at 20 bars 12 hour imaging 
a) hoop view b) top view 
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After completion of MRI, P#7 S#3 was tested uusing the dye penetrant for two days. 

An increase of 6 mille grams was detected and signs of weepage in the outer surface were 

observed in the form of yellow stains Figure-6.19-a.  

X-ray imaging of P#7 S#3 confirmed the leakage of dye to the outer skin and revealed 

a crack in the hoop direction Figure-6.20-a in addition to a smaller liner defect Figure 

6.20-b. 

Figure 6.19 Plate#7 Sample3 after being tested for 2 days with dye penetrant  

a b 

Figure 6.20 3D CT image of Plate#7 Sample#3 a) showing sign of weepage on 
the outside view b) showing small defects on the liner's surface 
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a 

10 mm 

Finally, 3D volume was reconstructed for voxels with high grayscale revealing the 

internal distribution of dye in the sample Figure 6.21. The images showed a high 

concentration of dye in the core layer and especially in the neighborhood of weeping 

areas. It was observed that dye travelled within the core layer through sand grain and 

voids, however, the most concentrated areas leading to the crack are suspected to be resin 

and chop clusters since the dye volumes are much larger than the average sand grain size. 

Further the gradient of the seeping passage seems to be pointing to the defect in the liner 

Figure 6.21 b, c. Finally, even though the area exposed to pressurization is only 2.5 cm in 

diameter there are gradients of dye starting at the edge of the sample and moving toward 

the crack for instance, the far left of figure-6.21b. 
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b 

10 mm 

c 

10 mm 

 

Figure 6.21 3D CT reconstruction of dye penetrant in P#7 S#3 a) Top view b) Hoop view c) Axial view 

Features of Plate#7 Sample#3 liner were observed with SEM imaging. Figure 6.22-a 

shows cluster fiber zone exposed from the liner's surface and randomly oriented. It is 

likely that these kinds of features are created from manufacturing since it has been seen 

in multiple samples. Also, the vertical distance between the surface and the fiber is much 

less than the veil layer optimum thickness of 200 µm. 
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Another noticeable feature on the surface liner of P#7 S#3 is crack development 

generated at swelling areas Figure 6.23-a. It is believed that these cracks are weak areas 

in the liner surface which provides water passage. Also, disc shaped holes have been 

observed on the surface varying between 20-150 µ in diameter Figure 6.23-b. It is not 

clear whether these features have been from the start or have developed as a result of the 

testing conditions or the reaction with water. 

a b 

Figure 6.22 SEM P#7 S#3 liner surface images Fiber cluster zone 

a b 

Figure 6.23: SEM P#7 S#3 liner surface features a) Crack development b) Small holes 
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Next, P#7 S#3 liner was inspected after cutting the sample perpendicular to the hoop 

direction to observe the swollen area. Images show that the swell occurred below a chop 

fiber dense area causing them the fibers to bulge outward creating the variation on the 

surface of the sample Figure 6.24. As a result, delamination between polyester resin layer 

and the substrate barrier layer can be observed 6.21-c. It is likely that water diffusing 

through the resin layer with 20 bars of pressure was trapped in between the fiber cluster 

zone in the barrier layer and a well compacted area in the substrate layer. As more water 

diffuse into the area the volume builds up creating a swell in the liner surface.   

a b 

c 

Figure 6.24 SEM image of P#7 S#3 cross section showing liner deformation 
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Moreover, the combination of liner voids created around chop fiber rich area in the 

barrier layer and hoop fiber/resin debonds in the inner skin area generate a passage 

through pipe thickness leading to the core layer Figure 6.25. A network of voids in the 

fiber/resin area can be observed through the first 1 mm in addition to noticeable porosity 

in the substrate inner skin layer. This porosity is highly related to the hoop 

fibers/polyester resin debonding in the inner skin layer. 

Finally, more images of inner and outer skin layer showing hoop fiber debonding from resin are 

illustrated in Figure 6.26-a, b. Transverse cracks have been spotted at several locations in the 

outer skin layer which seem to be initiated from fiber/resin debonding zones and propagating 

through the resin matrix Figure 6.26-a, c, d. This is expected due to stress concentration these 

areas. 

  

Figure 6.25 SEM image of P#7 S#3 network of voids close to the 
liner and hoop fiber debonds in the substrate inner skin layer. 
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a b 

Figure 6.26 SEM images of P#7 S#8 cross section showing hoop fiber debonding at a)Outer skin voids and 
cracking b) Inner skin voids c) Outer skin developing crack d) Fiber debonding at crack boundary 

c d 
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Chapter 7: Discussion and conclusion 
 

Based on the various testing results from the MRI, x-ray tomography and SEM, an 

understanding of how weepage occurs in multi-layered GRP pipes has been established. 

It is important to note that the samples were not strained in our tests which might have 

led to different diffusion behavior. Weepage through the pipe can be divided into three 

parts: 

a- Through Liner Diffusion:  It is evident that liner layer plays a big role in 

preventing water propagation into the pipe thickness. Penetration of the inner liner 

by creating an artificial hole on the surface, increased water uptake in the sample 

by more than 10 times. However, the liner does not completely prevent water 

intake because of the diffusion in the polyester polymer which can be deduced 

through the liner discoloration of the tested samples and the small weight 

increase.  

It is believed that fiber cluster areas at liner surface might lead to more 

diffusion of water as water can use interface between fiber and resin to penetrate 

the layer. X-ray tomography images show increase in visible illuminated fibers 

network in the liner as a function of testing time. SEM images of liner surface 

(Figure 6.23) highlight crack generation at swollen areas. Water tends to get 

trapped at the barrier layer around fiber cluster areas leading to water build up and 

creation of bulges in the liner's surface. Delamination between the veil and barrier 

layer was observed and is believed to be a result accumulated water and high 

pressure inside the swelling areas.  

b- Inner & out Skin Weepage: Once the water reaches the inner skin layer it travels 
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through hoop fibers networks as demonstrated with dye penetrant in section 6.2.3. 

SEM images illustrate the fact that plenty of voids are existent in the inner and 

outer skin layers. Such defects lead eventually to the generation of transverse 

crack in the outer skin [37] as shown in section 6.25. This implies a low 

fiber/resin adhesion which is caused by the high manufacturing rate and lack of 

wetting. Further, transverse cracks were mostly present in outer skin layer due to 

being exposed to relatively higher strain levels. Compacting of outer skin layer 

might also be an issue since it is applied on a rough sand core layer as opposed to 

the inner layer which is built on a smooth steel band surface. 

c- Core Layer Diffusion: It was observed that diffusion in the core layer will be 

rapid due to the abundance of voids between sand particles. However, X-ray 

tomography images show that dye prefers to penetrate the core layer using 

fiber/resin rich areas/ debondings (Figure 6.10) where it propagates until it 

reaches the outer skin. Finally, an area where polyester netting is used to hold 

core layer acts like a pool where water is collected as seen Figure 6.6. This feature 

provides mobility to water around the pipe through the large continuous free 

space. It was observed through MRI imaging that water trapped in these areas 

remain even after desorption of the samples. 

Based on the above understanding of water propagation in the samples in the second 

part of the project we can deduce characteristics of pipes from the first part. It is more 

likely that T-6, the worst performing pipe, has the least fiber matrix adhesion in the liner 

layer while T-7 had the best. This might be attributed to residual thermal strain caused by 

more rapid curing of polyester resin and a lower quality of compaction. Moreover, it is 
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expected that T-6 has a higher concentration of fiber/ resin voids in the inner and outer 

skin contributing to an easier passage through the thickness. The voids are also 

responsible for the development of transverse microcracking in the outer skin layer. 

In conclusion, a through liner testing of pipes samples with dye penetrant was carried 

out in order to study the behavior of weepage in GRP pipes. A correlation between x-ray, 

MRI and SEM imaging was established to pinpoint weak areas in the pipe structure. The 

following is a summary of factors influencing weepage in the observed pipes:  

A combination of diffusion through fiber interface, poorly wetted hoop fiber voids 

and transverse cracking is believed to have instigated weepage of the pipe. Areas of the 

liner with higher fiber density are weak zones that can ease water ingress process. 

Debonding and poorly wetted fiber/resin voids in the core layer are a preferable passage 

for water stream.  Moreover, netting used to hold the core layer acts like an accumulation 

area for water between the sand and outer skin. 
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APPENDIX A 
 
 

 

Inner/Outer Veil Layer tiv, tov 0.2 mm 

Outer Skin tos 1.034 mm 

Core tc 5.643 mm 

Inner Skin tis 1.034 mm 

Barrier Layer tb 0.8 mm 

Table A.1: Cross Section Illustrating GRP Pipe Layer 

 

 

Inner & Outer Skin 

composition wt% 
Core Composition wt% 

Resin 27 Resin 22 

Chop 16 Chop 6 

Hoop 57 Hoop 2 

Sand 0 Sand 70 

Figure A.1 Simplified sketch of pipe layers main components 
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APPENDIX B 
 

Table B.2 Feasibility study sample weights 

Sample 

# 

1st 

Weighing 

After 

Vacuuming 
Day 1 Day2 Day 3 Day 4 Day 5 

1 22.961 22.943 23.11 23.122 23.123 23.126 23.127 

2 23.043 23.022 23.17 23.19 23.182 23.188 23.193 

3 23.027 23.008 23.116 23.128 23.136 23.145 23.15 

4 22.714 22.696 22.814 22.824 22.83 22.84 22.843 

103 22.937 22.926 22.326 23.272 23.275 23.284 23.291 

 

 

 

 

a b 

d 

Figure B.1 Feasibilty study samples testing conditions 
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Figure B.2 Through liner pressurizing device engineering drawing of tube 
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Figure B.3 Through liner pressurizing device engineering drawing of bottom Aluminum plate 
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Figure B.4 Through liner pressurizing device engineering drawing of top Aluminum plate 
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Figure B.5 Through liner pressurizing device engineering drawing of the assembly 
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APPENDIX C  

Imaging Techniques: 

In our study of weepage we will be using advance imaging techniques such as MRI and X-ray 

Computed Tomography. Therefore, principle of work of each technique and an example of their 

use in composite field will be discussed in this section. 

C.1  X-ray Computed Tomography Imaging 

X-ray computed tomography is a method used to create a 3D image of object internals by 

reconstructing multiple 2D projections taken at different viewing angles [8]. The object is 

divided into small volumes called voxels where each voxel is given a grayscale level 

based on its absorption or attenuation of x-ray emmision. X-ray tomography was initially 

developed in the late 1950's for medical applications [9]. However, it has been 

progressively used for industrial purposes such as reverse engineering composite failure 

analysis due to the measurement being nondestructive nature and quick. 

A typical CT machine consists of an x-ray source, a detector plate and a rotating table 

located in between of them. The object under inspection is firmly fixed on the rotating 

table and is then exposed to the x-ray emission and the projections are recorded Figure 

1.10. Finally, a 3D reconstruction is then created through back projection and noise 

Figure C.1 Basic component of X-ray tomography machine 



104 
 

filtering of the 2D slices. 

The 3D reconstructed imaging is based principle of photon released from the x-ray 

source attenuation after going through an object. Usually a reference material with a 

known density (e.g. air) is used to calibrate the tomography machine. The amount of 

photons received by the detector is compared to released ones to establish a 

density/photon attenuation bench mark [10]. 

Computed tomography has been used in composite material research and has proven 

to be a pragmatic characterization method. X-ray tomography has been found effective in 

investigating failure, micro cracking and delamination of fiber reinforced polymers [11]. 

The use of dye penetrant can enhance the ability to detect cracks as small as 1 micron 

(<5%) of a 20 micron reconstructed pixel Figure 1.11-a. Jirun Sun found the use of  

Rodamine B solution in x-ray tomography is useful in characterizing the dental 

composite polymer and identifying shrinkage microleakage in a nondestructive manner 

Figure1.11-b[12]. 

a b 

Figure C.2 Volumetric reconstruction of Composite material using dye penetrant a) Graphite/Epoxy is gray and Dye is 
dark gray [11] b) Composite is dark gray and dye is light gray [12] 
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C.2 Nuclear Magnetic Resonance Imaging (MRI) 

 

Magnetic resonance imaging is a very popular technique mainly used in hospitals to asses 

medical diseases without having to expose the patient to ionizing radiation. MRI uses 

magnetic field and Radio Frequencies (RF) to track specific elements in the human 

body/object and provide grey scale colored images based on its response to RF energy. 

The basic principle of MRI relies on the response of unpaired nuclei such as hydrogen 

proton with 
1
H the magnetic field [13]. The hydrogen proton possesses a natural property 

which is called spin and when exposed to a magnetic field naturally most protons will 

align with it (lower energy state) while few will align against it (high energy state) [14]. 

Via exposing protons to a specific radio frequency, while being exposed to a known 

magnetic field, they can be excited to a high energy state driving them to generate 

transverse magnetization which can be detected and measured [15]. 

"The proton density is the number of excitable protons per unit volume". [15] 

Therefore the intensity is based on the signal received after applying the energy RF. The 

higher the signal implies existence of higher proton density which results in the volume 

(voxel) to be assigned with a lighter shade of grey. Each voxel will be assigned a 

different shade of grey which finally makes up the whole image. Resolution of the image 

on the other hand is dependent on many variables including signal-to-noise ratio, 

sampling rate, slice thickness and others [14]. 
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Although MRI is used for medical purpose, it is also used in research fields such as 

composite water absorption studies. Rouison D. tested the effect of fiber content on the 

absorption of water in natural hemp fiber/polyester resin composites [15]. It was found 

that the absorption of water was proportional to the percentage of fiber in the composite. 

Moreover, it was determined that water was absorbed in a diffusion mechanism which 

couldn't be helped even with chemical treatment of the fiber Figure 1.12. 

  

Figure C.3 Water absorption in hemp composite after 37 days in water a) horizontal b) 
vertical plane 
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APPENDIX D 
 

 

Figure D.1 Zinc iodide powder 

 

Figure D.2 Kodak photo solution 
PHOTO-FLO 200 


