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Abstract 

Industrial structures often undergo severe chemical attack, corrosion, weathering and thermal shocks 
which cause structures to deteriorate faster than normal rate. NACE International IMPACT study in 
2016 estimated the global cost of corrosion to be US$2.5 trillion, which is equivalent to 3.4% of the 
global GDP [1]. This cost includes the direct cost related to repair and replacement of damaged assets, 
and the indirect cost related to environmental risks and production loss caused by equipment/plant 
downtime. A cost effective way of extending the life of a structure is to monitor and inspect the structure 
by non-destructive testing (NDT), then perform effective maintenance and mitigation measures to 
reduce the deterioration rate. In some cases, regular inspections will be required to monitor the rate of 
deterioration and to ensure the effectiveness of the mitigation measures. 

Case studies will be used in this paper to illustrate the use of various NDT and corrosion protection on 
industrial structures.  The case studies include the use of ground penetrating radar (GPR) and impact 
echo (IE) for the evaluation of the quality of reinforced-concrete structures and the use of ultrasonic 
testing (UT) and infrared thermography (IR) to determine the extent and severity of corrosion on process 
pipes, which are used for transporting corrosive process gases and fluids. 
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1  Introduction 

In an industrial environment, some structures may face chemical attacks, and hydro-thermo-mechanical 

stress, which degrade the condition of the structures. Prevention and protection against corrosion and 

degradation are generally less costly than repairs. It is well understood that a proactive approach to 

maintenance will reduce direct costs due to failures, but there are many indirect cost benefits as well [2, 

3]. Firstly, condition monitoring paired with effective maintenance plans can effectively reduce the 

amount of unscheduled downtime. This reduction in asset downtime will also lessen the impact on 

upstream and downstream operations. Secondly, the preventive measures and remedial works can be 

more effectively timed, as they are based on accurate monitoring results. The use of NDT evaluation 

and monitoring on damaged structures has proven to reduce the cost of remedial work by determining 

the degree and extent of the damages. This paper illustrates the advantages of NDT to limit the area of 

repair. These NDT techniques include UT, IE, IR and GPR. 

1.1 Ultrasonic Thickness Measurement 

UT is used to detect the local thickness of solid elements such as metals and fiberglass reinforced 

material based on the time taken by the ultrasound wave to travel into the material and return to the 
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surface (Equation 1). The ultrasound waves are emitted by a piezoelectric or EMAT sensor. The 

accuracy of ultrasonic measurement depends on the calibration of material. This technique is used for 

quality control of manufactures, the detection of remaining thickness and the location of flaws and 

voids. 

� = ��/2     (1) 

where L is the thickness of the sample 

c is the velocity of sound in the given sample 

t is the traverse time 

1.2 Ground Penetrating Radar 

GPR is a geophysical testing method that uses short pulse radar signals to detect the reflected signals 

from subsurface structures. The reflection is caused at the interface of two materials that have a different 

dielectric constants and electrical conductivity. 

GPR is used in a variety of media, including rock, soil, ice, fresh water, concrete and asphalt pavement. 

It can be used in a variety of applications including the following [4]: 

 Locate rebar, conduits, and post-tension cables embedded within concrete; 

 Evaluate structural conditions such as the bonding between concrete and reinforcement; 

 Map the thickness of existing concrete layers; 

 Detect delamination within concrete structures; and 

 Detect voids under/behind concrete structures, etc. 

1.3 Impct Echo 

IE is a stress wave propagation technique used to determine the thickness of concrete layers and detect 

any voids/cracks/delamination within the concrete layer. A mechanical impact generates stress wave 

that propagates through the tested material and is reflected by internal flaws and external surfaces. It is 

a ASTM approved measurement for concrete slab thickness [5]. The fundamental equation of IE is 

shown in Equation 2: 

d =  C/(2f)     (2) 

where d is the depth from which the stress waves are reflected 

C is the wave speed of the tested maerial 
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f is the dominant frequency of the signal 

In some cases, if the thickness of the tested material is known, IE can be used to determine the change 

or variation of the wave speed by Equation 3: 

C =  2df      (3) 

The variation of wave speed of the material or a reduction in the wave speed can be an indication of the 

change of the material quality. 

1.4 Infrared Thermography 

IR is a powerful technique for detecting corrosion of pipes and steel structures. It can also indicate the 

location of acid leaks. When corrosion occurs, it changes the thermal characteristics of the material, and 

causes the corroded region to be hotter than the surrounding region. IR is useful for localizing the 

damaged regions for further tests, such as GPR, IE and UT. It can greatly reduce the amount of 

inspection time and cost, which is illustrated in section 2.2 of this paper. 

2  Case Studies 

2.1 Reinforced Concrete Structure Inspection 

In 2014, Hatch NDT Group (Hatch) was engaged to determine the condition and the extent of repair 

required for an autoclave gold refinery facility. The autoclave was in operation for two years and during 

the course of plant operation, hot sulphuric acid (pH 1.5 at 90 oC) came in direct contact with the 

concrete piers, slab on grade and sump area. Concrete has a pH of 13.5, which is alkaline in nature and 

is susceptible to acid attack. When the acid reacted with the calcium hydroxide in the cement paste, a 

soluble calcium salt was produced and washed away. The removal of the calcium hydroxide wakened 

the cement structure. Although the acid did not penetrate far into the concrete surface, it formed 

expansive gypsum (calcium sulphate) within the concrete which led to mechanical degradation of the 

concrete. When the protective concrete was gone, the reinforcing steel was exposed to the acid, and the 

corrosion rate of the steel reinforcement could be ~200 mpy (~5 mm/yr) [6]. 

Hatch initially performed a visual inspection and decided on the regions that required further NDTs to 

determine the extent of the damage (Figure 1). IE and GPR were performed on the problematic regions. 

IE was used to detect and locate any delamination or cracks within the pier and determine the variation 

of concrete quality due to acid attack. Ultrasonic gel was used to provide a good contact between the 

IE sensor and the surface of the concrete pier. Mechanical impacts were generated on the concrete 

surface and the signals were transmitted through the thickness of the pier and reflected. Total signal 
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reflections occurred at the interface between the pier and another media, either air or compacted soil. If 

major separation or significant delamination was formed within the pier, these interfaces would also 

cause total reflection of IE signals. Partial reflection would occur when minor cracks or voids were 

found within the concrete pier. 

Based on the IE results, no significant anomalies or delamination were found within the piers above the 

ground level. However, IE determined the P-wave velocity of the concrete differed by about 6% 

between the degraded zone and the normal zone. It is likely the loss of cementitous material due to acid 

attack has increased the porosity and reduced the density of the concrete at the superficial regions of 

the piers, which influenced the quality of the concrete. 

GPR inspection was performed with two sets of antenna (800 MHz and 1.6 GHz). The 800 MHz 

antennae has a penetrating depth ranged from 1.0 to 1.6 m, while the 1.6 GHz antennae has a penetrating 

depth of 0.5 m. The latter was used for the inspection of the pier section that was exposed, while the 

800 MHz antennae was used for the inspection of deeper structures. The GPR scans indicated 

delamination or separation of the concrete from rebars, which is the result of corrosion. 

The overall results of the inspection suggested that the area that required repair could be limited to the 

three piers (C3, C6 and C8) and the slabs adjacent to the piers (see Figure 2 in red). The repair area was 

about 20% of the inspected area. This substantially reduce the cost of the repair and minimized the 

impact on the operation and production of the plant. Localized repair was performed as indicated in 

Figure 3 and the facility was back in normal operation within a short period of time. 

 

Figure 1: Visual Inspection of the Damaged Regions Near the Autoclave. 
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Figure 2: Slab Region that Required Repair (in Red) indicate by GPR Scans. 
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Figure 3: Localized Repair. 

2.2 Fiberglass-reinforced Plastic Inspection 

Other than steel and concrete structures, pipes and tanks are very common components in heavy 

industry that are susceptible to deterioration. Fiberglass-reinforced plastic (FRP) has been used in many 

industrial application, including the storage and transfer of corrosive material or the handling of other 

material in corrosive environments. The FRP application accerlerated in the past 65 years due to the 

corrosion resistance, high strength-to-weight ratio and low maintenance and life cycle cost of FRP [7]. 

Despite their advantages, damages to FRP are still inevitable. These damages include aging, mechanical 

damage and heat-related damage. 

In 2016, Hatch was engaged in the study of the conditions of FRP ducts and vessels. The FRP pipes 

connects between towers and vessels were of several kilometers in length. The time required for 

thorough UT tests of the complete pipeline and vessels could take up to weeks. In view of this, a first 

level screening was performed by means of visual inspection and IR imaging. Visual inspection was to 

identify the regions with visible cracks (Figure 4) and damages due to exposure to ultraviolet (Figure 

5). The IR imaging allowed a rapid, non-contact overview of the pipes and vessels, and provided a 

global assessment of any potential defects, such as large inner-surface thickness irregularieis and voids 

in the laminate [8]. The thermal images indicated hot spots were the regions with local pipe thinner 

and/or areas with potential acid leaks (Figure 6). Most of the identified hot spots were located at the 

elbows and nozzles of the pipes. These areas were then tested by UT to determine the remaining pipe 

thickness and potential acid leak regions. 
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Figure 4: Visible Cracks and Damages on FRP Pipes. 

 

Figure 5: UV Damages on FRP Pipes. 

 

Figure 6: Hot Spots on the FRP Pipes indicating Potential Acid Leak Regions. 
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The FRP ducts were hand-made, which indicated uneven initial wall thickness and poor bonding 

between layers. Areas with excess epoxy and insufficient epoxy were also spotted. Thus, prior to the 

UT inspection, the surface of the FRP pipes were prepared by light sanding to reduce the roughness and 

ultrasonic gel was added to improve the contact between the UT transducer and the surface of the pipe 

(Figure 7). Due to the variation in thickness, the UT measurements provided the maximum, minimum 

and average thickness detected at each measurement area of 4 cm x 4 cm. The UT results indicated that 

the vast majority of the remaining thicknesses were between 9 mm to 12 mm, and there were no defects 

found within the remaining thickness. The variation of the thickness measurement was within the 

original pipe thickness variation. The wide range of thickness could be related to the unevenness of the 

hand-made FRP pipes. The NDT results suggested that the repair and maintenance required for the FRP 

pipes were located at the damaged nozzles and some elbow regions of the pipeline. Majority of the 

pipeline was in reasonably good condition and did not showed acid leak. The NDT findings greatly 

minimized the area of repair and the facility downtime. 

 

Figure 7: UT Measurements on Uneven FRP Pipe Surface. 

3  Conclusion 

Proactive corrosion monitoring and evaluation can provide the necessary feedback to optimize 

operations and maintenance strategies, and thus, prevent costly structural corrosion and deterioration 

losses. With proper monitoring and preventive measures, structures can achieve or even extend their 

designed campaign lives. The case studies in the paper illustrated the usefulness of NDT evaluation of 

damaged zones to optimize maintenance and repair plans, which minimize the facility downtime and 

production loss. The use of IR imaging also limits the regions that required further inspection. This 

improves the efficiency of NDT evaluation for large inspection areas. 
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