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Introduction

Introduction

This eBook consists of JPCL articles on Ultra-High-Pressure Waterjetting,

and is designed to provide general guidance on the use and 

maintenance of the associated equipment.



ltra-high-pressure water jetting (UHP WJ) is defined by SSPC and NACE as cleaning
with water pressures above 1,700 bar (25,000 psi)1 and is defined in ISO 8501-4 as
above 1,400 bar (21,000 psi). While these high pressures can be effective for cleaning,
they are also dangerous. This ATB will concentrate on using UHP WJ equipment safely.
The focus on the safe use of UHP WJ should not be interpreted to mean that lower wa-

ter pressures are safe. Any time pressurized water is used, the operator should receive training in
the proper equipment operation and personal protective gear.

The Basics
UHP WJ systems consist of a high-pressure pump, hoses, and various tools. The hydraulic hoses
used must have a bursting strength 2.5 times the maximum-rated operating capacity. Therefore, a
1,700 bar (25,000 psi) unit requires hoses with a minimum bursting strength of 4,250 bar (62,500
psi). The tools used in field surface preparation consist of a control valve, lance (wand), and nozzle
assembly. In manually operated systems, this nozzle is usually referred to as the jetting gun. The
control valve is operated by a trigger, which is protected by a trigger guard. The lance is a section
of metal pipe that allows the operator to point the nozzle assembly at the surface. The nozzle as-
sembly contains the jets, which are orifices or tips that have very small openings. Tools can have a
single jet, a fan-shaped jet, or multiple rotating jets. The most common arrangement on UHP WJ
equipment for cleaning steel is a rotating multiple jet assembly. A single jet has a very small blast
pattern. Multiple jets on a rotating head increase the size of the blast pattern to increase produc-
tivity. Rotation also increases the cutting action.

With UHP WJ, the pressure, i.e., velocity, of the water is the main energy characteristic that per-
forms the cleaning. This is different from high-pressure water jetting (HP WJ) units that operate be-
tween 700 and 1,700 bar (10,000 and 25,000 psi) where flow rate plays a role equal to water ve-
locity in cleaning. Pressure falls off quickly with distance. Productive cleaning with UHP WJ
requires keeping the nozzle 6 to 13 mm (0.25 to 0.5 in.) from the surface. HP WJ units, where flow
rate contributes to cleaning, are normally held 5 to 25 cm (2 to 10 in.) from the surface. UHP WJ
requires closer stand-off distance, yet is, however, especially dangerous at close distances. The clos-
er you are to the surface, the closer the wand end is to your body and the more you are at risk from
the wand.

Safety Hazards
Water pressure of 1,700 bar (25,000 psi) is extremely powerful and dangerous. The main safety
hazards associated with UHP WJ are injection and fatigue. 

UHP WJ can cut skin and bones at close distances, i.e., the distance used to clean surfaces. Air in-
jection equipment used to give vaccinations operates at about 40 bar (600 psi). UHP WJ units use
pressures about 20 to 40 times higher. So a water jet striking you from several centimeters can eas-
ily penetrate the skin. If this happens, you may not see the full extent of the injury. The entry
wound may be quite small and may not bleed. But there is no telling how much water was injected
into the body or if any internal damage was done. Micro-organisms can enter through the wound
and spread inside the body. 

Safety 1

By Lloyd Smith

Editor’s note: This article appeared
in JPCL in November 2005.
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If an accident occurs that penetrates the skin, medical attention should be obtained immediately.
If it is not possible to have the injury treated immediately, restrict first aid to dressing the wound
and observing the person until a medical examination can be performed. The injury should be mon-
itored by a physician for several days to make sure that infection does not occur.

Another possibility in addition to injection is that skin or flesh can be removed. This takes less
than 0.1 seconds if the wand is swept past an unprotected body part.

An associated safety hazard is a hose rupture. Experience has shown that 90 to 95% of hose rup-
tures occur 15 to 25 cm (5 to 10 in.) from the connection to the lance. A hit from a water jet at close
distance to the abdomen or neck can be fatal. Special hose protection that is attached to the hose
near the lance is available to protect against being hit by these types of hose ruptures.

Fatigue is another problem associated with water jetting. This results from the back thrust of the
equipment. Back thrust can be calculated from the equation:
Back thrust (lb) = 0.052 x Q x P1/2 where:
Q = flow rate (U.S. gal./min)
P = jet pressure (psi)
For example, an operator working with a jet at 30,000 psi (2,000 bar) and using 6 gal./min (23 l/m)

will experience a force equal to 54 lb (24 kg), calculated as follows.
Back thrust = 0.052 x 6 gal./min

x (30,000 psi)1/2
= 0.052 x 6 x 173
= 54 lb (24 kg)

It is recommended that a person not be required to withstand a back thrust of more than one-
third of his body weight. Fatigue can happen in minutes or less, depending on the worker. There-
fore, the operator for this example should weigh at least 162 lb (73.5 kg).

Safety Equipment
Proper personal protective equipment should be worn when using UHP WJ equipment. This in-
cludes head, eye, body, foot, hand, hearing and respiratory protection.

Head protection should be worn at all times. The head protection should include a full face shield.
Eye protection is also needed. The use of a face shield and/or eye protection such as goggles is high-
ly recommended for visibility. Water droplets forming on goggles or face shields may be a nuisance,
but it is still easier to see through wet goggles than it is when you get water directly in your eyes.
In addition, material removed from the surface, such as pieces of coatings, can get into the eyes if
they are not protected.

Waterproof clothing must be worn to protect the body. The garment should completely cover the
operator, including the arms and legs (Fig. 1). Regular work clothes will quickly become saturated
with water. The protective clothing should have an outer layer that repels rebounding water and
provides protection from rebounding debris that may be a hazard to the operator. Most typical wet
suits worn by operators will not stop penetration of the waterjet into the skin if the nozzle gets too
close to the body. Body armour is recommended for the operator. This special UHP WJ protective
clothing is made from high-strength materials such as Dyneema® (Dutch State Mines) or Kevlar®
(DuPont). They can take the sweep of the jet at a distance of 5 cm (3 in.) and up to 3,000 bar (45,000
psi) without rupturing. The time that the nozzle is directed at the material is also important. The
faster that the nozzle is swept over the surface, the less the chance for injury.

Feet are especially susceptible to inadvertent exposure to the water jets at close distance if the
operator should point the lance down without shutting off the equipment. Waterproof boots with
steel toe caps should be worn by everyone on the job. The operator should also wear a metatarsal
guard atop the boots (Fig. 2) . [Editor’s note: the “metatarsal” guard protects the part of the foot that
forms the instep and includes the five bones between the toes and ankle, called the metatarsus.]

2

Fig. 1: Water jetter with protective suit and hose
protection on high-pressure water line.

Courtesy of TST Sweden AB



Hands should be protected with plastic-coated or rubber gloves. Hearing protection is also needed
because UHP WJ can generate over 90 decibels in the operator’s hearing zone. [Editor’s note: Consid-
er that a vacuum cleaner can generate about 70 decibels (dBA), and noise in a factory can reach 80
dBA (“Personal Protective Equipment for Maintenance Painting Operations,” Adley et al., April 1992
JPCL.) The Occupational Safety and Health Administration regulates noise exposure based on dBA
level and exposure time. As dBA increases, permissible exposure time without noise protection de-
creases. If a worker is exposed to 90 dBA for more than 8 hours, or 92 dBA for more than 6 hours,
an employer must provide protection. Similarly, protection is required for exposure to 95 dBA for
more than 4 hours, and exposure to 100 dBA for more than 2 hours. The regulation and a table of per-
missible exposures are found in the Code of Federal Regulations, Part 1926, Section 52.]

Respiratory protection may be required, depending on the hazards associated with the materials
being removed. The selection of respirator type depends on the severity of the hazard. Water does
suppress dust, so the need for respiratory protection is reduced compared to this need when using
dry methods of surface preparation. A qualified safety or health professional should be involved in
risk assessment and selection of respirator type. Be aware that filter cartridge respirators can be-
come saturated with water for anyone close to the water jetting, especially the operator. Breathing
becomes more laboured when the cartridges are saturated. Because of this, supplied-air respirators
are recommended for UHP WJ if respiratory protection is needed. Note also that other aspects of
a worker protection program may be required if a hazardous material is being removed.

Equipment Operation
Safety in UHP WJ includes proper care and operation of equipment. People will be working with
and around high-pressure equipment and hoses. The possibility of physical injury exists if proper
operating procedures are not used.

The equipment should be inspected before use. Hoses should be checked for evidence of damage,
wear, or imperfections. All hoses and hose connections should be checked to make sure they are
rated for use at the pressures to be used. Hoses should be laid out to avoid creating tripping haz-
ards, and they should be protected from being run over and crushed by forklifts or other vehicles.
They should also be laid out or protected to avoid or minimize abrasive wear. The fittings should be
cleaned before installing them into the system. Once installed, the fittings should be checked to
make sure the connections are leak-free. The point where the hose connects to the gun should be fit-
ted with a hose shroud that will prevent injury to the operator if the hose, pipe, or fitting breaks
open. A hose shroud consists of a length of heavy-duty hose or a shoulder guard.

The system should be flushed with clean water before use to remove any contaminants that may clog
the nozzles. The orifices in the nozzles should be checked for blockage, damage, or imperfections. The
orifices do wear out and need to be replaced regularly. After the system has been checked, it should be
slowly pressurized to make sure the nozzle openings are open and clear. A clogged orifice, especially on
a set-up with multiple nozzles or a self-rotating nozzle assembly, can be very dangerous. When a noz-
zle assembly contains multiple offset nozzles, clogging of one nozzle puts the sideways forces off bal-
ance, causing the tool to suddenly be thrust to one side and the worker to lose his or her balance.

In addition to the hoses, the unit should be visually checked. All fittings should be tight and leak-
free. UHP WJ units are equipped with a bursting or rupture disc located on the pump. This is nor-
mally a metal disc in a specially designed holder. The disc is similar in purpose to a relief valve on a
hot water heater. The disc is meant to fail (burst or rupture) if the pressure applied to it exceeds a set
level. A properly sized disc must be used for a given operating pressure.

While the system is under pressure, no nut, hose connection, other fitting, or other component of
the equipment should be tightened or otherwise adjusted apart from the normal adjusting of valves
and other components required for proper equipment operation. The pumps must be stopped, and
any pressure in the lines must be discharged before adjustments or repairs are made.
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Fig. 2: Protective body armour. Note
metatarsal guards atop boots. Courtesy
of Turtleskin WaterArmor/Warwick, Inc.



Water jetting requires at least two people. One operates the pump, and the other operates the
gun. There are no controls on the gun except the trigger and a dump valve. The dump valve is a safe-
ty device similar to a deadman switch on a dry abrasive blast set-up. The dump valve controls a
dump system that will shut down the pump, idle it to low speed, bypass the water flow, or reduce
the discharge pressure to a low level. This is a very important safety device for the personal pro-
tection of the gun operator. It should be on every gun, and it should be operational.

There needs to be good coordination between the pump and gun operators. The pump operator
should bring the pressure up slowly, and only after the gun operator has signalled that he/she is ready.
The gun operator needs firm footing and should hold the gun in the operating position. Some guns have
a shoulder stock that needs to be in position before pressurizing begins. This is to eliminate injuries if
the stock were to slam into the shoulder or body. The operator must be prepared for the back thrust
that will develop as the pressure increases. Preparation usually consists of leaning forward and letting
the back thrust straighten you up. The pump operator should not change the operating pressure unless
the nozzle operator is aware that an adjustment is going to occur. The pressure should be slowly re-
duced at shutdown so the gun operator does not lose his/her balance.

The gun operator needs to be aware of the change in thrust if the system fails or if the dump valve
is activated. This awareness comes from experience, i.e., activate the dump valve a few times until
you are familiar with how to position yourself to withstand the change in thrust. In fact, anyone
who has not performed water jetting shouldn’t, unless properly trained.

The work area should have a warning barrier such as a barricade or tape when UHP WJ is in op-
eration. Warning signs should be posted to tell others to stay out of this hazardous area. Appro-
priate wording is “Danger—Keep Out! High-Pressure Water Jets in Use.” No unauthorized person
should be allowed in the work area. If two or more gun operators are working in an area, a physi-
cal barrier should be installed or the workers should be adequately spaced to prevent one worker
from accidentally injuring another worker.

The pump operator should be in visual contact with the gun operator at all times. If this is not
possible due to layout of the site, another worker should be positioned where both operators are in
sight to relay signals, such as the gun operator signalling the pump operator to shut down the sys-
tem. The pump and gun operators should establish hand signals to use because the equipment and
operation are so noisy.

Whenever work stops, the system should be depressurized. Even though there is a trigger guard
to protect against accidental operation of the system, there is a small possibility of accidental actu-
ation if the gun were to fall or move. If the system is not depressurized, there is a greater possibili-
ty of a hose rupture or leak that cannot be reacted to immediately if workers are on break.

Conclusion
UHP WJ has inherent dangers because of the high pressures involved. Serious bodily harm can oc-
cur if the equipment is not used properly or proper personal protective equipment is not worn. A
good source of information is “Recommended Practices for the Use of Manually Operated High
Pressure Water Jetting Equipment,” published by the WaterJet Technology Association, St. Louis,
MO, USA (www.wjta.org).

Reference
1. SSPC-SP 12/NACE 5, “Surface Preparation and Cleaning of Steel and Other Hard Materials 

by High- and Ultrahigh-Pressure Water Jetting Prior to Recoating” (Pittsburgh, Pennsylvania, USA:
SSPC: The Society for Protective Coatings; and Houston, Texas, USA: NACE International, 1996).
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sers of SSPC’s surface preparation specifications are well aware of how difficult it is
to verbally describe the appearance of a surface cleaned to SSPC-SP 6/NACE No. 3,
Commercial Blast Cleaning. Therefore, SSPC has created four supplementary sets of
reference photographs (VIS 1, 3, 4, and 5) that provide illustrations of the degrees of
cleanliness defined in the written surface preparation specifications. The illustrations

do not replace the written specifications. They are intended for comparison to surfaces encoun-
tered in the field before and after cleaning in order to help the user visualize the differences be-
tween the cleanliness degrees described by the written specifications. A text guide explaining the
procedures for proper use accompanies each set of photographs.

SSPC Visual Standards Update 2003:
A Picture is Worth a Thousand Words

Visual
Standards

U

5

By Aimée Beggs and

Michael Damiano

Editor’s note: This article appeared
in JPCL in February 2003.

The photographs in this article do not

reflect the photographic quality of the

actual visual standard publications

and should not be used to judge the

condition of painted and unpainted

steel surfaces. For more information

about the visual standards,go to

www.sspc.org.



Who Establishes the Visual Standards

All of the photographs and the text are subject to committee review. Members of the SSPC Sur-
face Preparation Steering Committee representing owners, specifiers, and contractors are present
during the cleaning and photography sessions. Once the Steering Committee has made the initial
selection of photographs, they are balloted, along with the guide text, to all the members of the
Surface Preparation Group Committee for review and final selection, according to SSPC’s Stan-
dards Development Procedures. This article will discuss SSPC’s four sets of reference photographs

illustrating degrees of cleanliness: SSPC-VIS 1 (revised 2002) for blast-cleaned surfaces;
SSPC-VIS 3 (to be revised in 2003) illustrating degrees of cleanliness of power- and hand
tool-cleaned surfaces; SSPC-VIS 4 (issued 2001) illustrating degrees of cleanliness of sur-
faces cleaned by waterjetting; and SSPC-VIS 5 (also issued in 2001) illustrating surfaces
cleaned by wet abrasive blasting methods. 

A fifth set of photographs (SSPC-VIS 2, revised 2000) illustrating various percentages of
rust on painted steel surfaces will also be discussed.

SSPC-VIS 1: Dry Abrasive Blast Cleaning

This revised standard illustrates both uncoated and previously coated steel surfaces blast
cleaned to five degrees of cleanliness corresponding to the written specifications (Table 1).

Each degree of cleaning in the table is illustrated over five initial surface conditions:
• Condition A: Surface covered with adherent mill scale with little or no rust
• Condition B: Surface completely covered with mill scale and rust
• Condition C: Surface completely covered with rust, with little or no pitting visible
• Condition D: Surface completely covered with rust, with pitting visible
• Condition G: Coating system (multiple coats) applied over mill scale-bearing steel

Conditions A through D illustrate steel that has never been painted (Fig. 1). Condition G
(added in 2002) illustrates previously painted surfaces (Fig. 2). In order to illustrate the ef-
fect of pitting on appearance after cleaning, Condition G is divided into three subsections
showing each of the five cleanliness degrees over (1) previously coated and rusted smooth
steel, (2) previously coated and rusted steel with moderate pitting, and (3) previously
coated and rusted steel with severe pitting.

Ten additional photographs illustrate the effect of profile and lighting angle on steel blast
cleaned to White Metal.
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SSPC/NACE Designation
SP 7/No. 4

SP 14/No. 8

SP 6/No. 3

SP 10/No. 2

SP 5/No. 1

Table 1: Blast Cleaning Specification Summary*

Title
Brush-off Blast Cleaning

Industrial Blast Cleaning

Commercial Blast Cleaning

Near-White Blast Cleaning

White Metal Blast Cleaning

Final Condition
All visible oil, grease, loose paint,
loose rust, and loose mill scale are
removed.
Visible oil, grease, and loosely
adherent materials are removed.
Evenly distributed and tightly
adherent material may remain on
10% of each 9 in.2 of surface.
Visible oil and grease are removed.
Only shadows, streaks, and stains of
other contaminants are allowed on
33% of each 9 in.2 of surface.
Same as SP 6/No. 3, but shadows,
streaks, and stains are allowed only
on 5% of each 9 in.2 of surface.
No visible contaminants are
permitted anywhere on the surface.

          

* For a complete description of each degree of cleanliness, consult the written standards.

 
  

      
    

     
   

    
     
    

     
     

      
      

    
    

   

     
    

     

 
  

  

  

  

  

    

  

  

  

  

   

 
     

      

    
   

   
    

     
     

     
    
     
      

     
      
   

    

          

             

 
  

      
    

     
   

    
     
    

     
     

      
      

    
    

   

     
    

     

 
  

  

  

  

  

    

  

  

  

  

   

 
     

      

    
   

   
    

     
     

     
    
     
      

     
      
   

    

          

             

Fig. 1: Rust Grade Conditions A through D in VIS 1 
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G1 Initial Condition

G2 Initial Condition

G3 SP 5, cleaned to White Metal

G3 SP 14, cleaned to Industrial Blast

G3 Initial Condition G3 SP 10, cleaned to Near-White

G3 SP 7, cleaned to Brush-off Blast

G3 SP 6, cleaned to Commercial Blast

Fig. 2: VIS 1, Condition G for previously painted steel
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Fig. 3: VIS 3 shows surfaces before and after hand and power tool cleaning with a variety of tools.
Note that VIS 3 will be revised in 2003. Some illustrations may change.

Initial Condition

Hand tool cleaning to SP 2

Rotary flaps and non-woven discs were used to achieve SP 11

Needle gun cleaning to SP 3

Power wire brush cleaning to SP 3

Sanding disc cleaning to SP 3

SSPC-VIS 3: Hand and Power Tool Cleaning

SSPC-VIS 3 illustrates surfaces cleaned to comply with SSPC-SP 2, Hand Tool Cleaning;
SSPC-SP 3, Power Tool Cleaning; and SSPC-SP 11, Power Tool Cleaning to Bare Metal (Fig.
3). Table 2 summarizes the requirements of the specifications included in the current VIS 3.

In addition to Initial Conditions A, B, C, D, and G (moderate pitting), as in VIS 1, the pho-
tographs illustrate two additional conditions of previously painted surfaces: Initial Condi-
tion E, previously painted surface with light-colored paint applied over blast-cleaned steel;
and Initial Condition F, previously painted surface with zinc-rich paint applied over blast-
cleaned steel. In Initial Conditions E and F, the paint is mostly intact.



Because the appearance of a power tool-cleaned surface varies with the type of tool used, VIS 3
illustrates each of the seven initial surface conditions described above prepared to SSPC-SP 3
using hand tools, power wire brush, a sanding disc, and a needle gun. The SSPC-SP 11 condition
was achieved using rotary flaps and non-woven discs.

During 2003, SSPC will be revising VIS 3 to include photographs of surfaces cleaned to the new
SSPC-SP 15, Commercial Grade Power Tool Cleaning, issued in 2002. Commercial Grade Power
Tool Cleaning requires all visible contaminants to be removed. To differentiate it from SP 11, SP
15 allows random staining on up to 33% of each unit area (9 in.2) of the surface. The text guide ac-
companying the photographs will also be revised and updated to include the new SP 15 descrip-
tion.

SSPC-VIS 4/NACE VIS 7: Surfaces Prepared by Waterjetting

This visual standard, jointly developed by SSPC and NACE International, illustrates the four
cleanliness conditions described in SSPC-SP 12/NACE No. 5, Surface Preparation and Cleaning of
Steel and Other Hard Materials by High- and Ultrahigh-Pressure Water Jetting Prior to Recoating,
over each of the five initial surface conditions (A through G). In SSPC-SP 12/NACE No. 5 and in
this series of photographs, water at high pressures, without addition of any abrasive media, is used
as the cleaning agent. Table 3 summarizes the requirements of the specifications included in SSPC-
VIS 4. 

Because wet methods of surface preparation often result in flash rusting of the surface, and be-
cause coatings vary in the amount of flash rusting over which they may be applied, SSPC-SP
12/NACE No. 5 also defines three levels of flash rusting (light, moderate, and heavy) that can de-
velop on surfaces after waterjetting. These levels are illustrated in SSPCVIS 4/NACE VIS 7 on
surfaces with Initial Conditions C and D after cleaning to WJ-3 and WJ-2.

In the near future, each of the WJ definitions in the current SSPC-SP 12/NACE No. 5 specifica-
tion will be issued as a separate document (paralleling the SSPC/NACE dry abrasive blast clean-
ing specifications). A joint task group of SSPC and NACE members is currently working on this
division process.
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SSPC Designation
SP 2

SP 3

SP 11

SP 15

Table 2: Hand and Power Tool Cleaning Specification Summary*

Title
Hand Tool Cleaning

Power Tool Cleaning

Power Tool Cleaning to Bare Metal

Commercial Grade Power
Tool Cleaning**

Description
All loose material removed using
hand tools without power assistance
All loose materials removed using
hand-held power tools
All visible contamination removed,
with exception of stains in deep pits;
surface has 1 mil (25 µm) profile.
All visible contamination removed;
random staining permitted
on no more than 33% of each 9 in.2

of surface.

* For a complete description of each degree of cleanliness, consult the written standards.
** Note that this specification is not illustrated in the 1993 version of SSPC-VIS 3. Illustrations of SP 15 will be added
to the 2003-2004 revision.
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VIS 4 G3 Initial Condition

VIS 4 G3 WJ-2, Very Thorough Cleaning

VIS 4 G3 WJ-3, Thorough Cleaning

VIS 4 G3 WJ-4, Light Cleaning

Fig. 4: Samples from VIS 4 G3

       
         

       
   

    
     

      
       

      
     

     
     

    
     

      
      

     
      

     

       
         
          

Designation
WJ-4

WJ-3

WJ-2

WJ-1

Table 3: Waterjetting Specification Summary*

Title
Light Cleaning

Thorough Cleaning

Very Thorough Cleaning

Bare Substrate

Description
Surface free of visible oil, grease, and all loosely adher-
ent material; tightly adherent material is permitted.
Randomly dispersed rust stains and thin deposits
of tightly adherent material permitted on 33% of each
9 in.2 of surface
Same as WJ-3, but limited to 5% of each 9 in.2

of surface
Surface free of all material; discoloration of surface
may be present.

         

                        

                

* For a complete description of each degree of cleanliness, consult the written standards.
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Fig. 5: Samples from VIS 4
Note: Different panels were used for each of the four lower photographs.

VIS 4 D WJ-3, Thorough CleaningVIS 4 D WJ, Initial Condition before cleaning

VIS 4 D WJ-3, Thorough Cleaning before flash rusting

VIS 4 D WJ-3M, Thorough Cleaning and medium flash rusting VIS 4 D WJ-3H, Thorough Cleaning and heavy flash rusting

VIS 4 D WJ-3L, Thorough Cleaning and light flash rusting
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Fig. 6: Samples from VIS 5, Wet Abrasive Blast Cleaning

VIS 5, Initial Condition C VIS 5 C WAB 6, Condition C, cleaned to SP 6 VIS 5 C WAB 10, Condition C, cleaned to SP 10

VIS 5 C WAB 10H, with heavy flash rustingVIS 5, C WAB 10L, with light flash rusting

*             

SSPC-VIS 5/NACE VIS 9: Surfaces Prepared by Wet Abrasive Blast Cleaning

These photographs illustrate steel surfaces cleaned by wet abrasive blast cleaning to correspond
to the written standards SSPC-SP 6/NACE No. 3 and SSPC-SP 10/NACE No. 2 for Commercial
and Near-White Blast Cleaning, respectively. Two initial conditions (Condition C and Condition D)
are shown, each cleaned to Commercial and Near-White levels. In addition, the three levels of
flash rusting are shown over each cleanliness level.

The photographs used in SSPC-VIS 5/NACE VIS 9 are reproduced with permission of Interna-
tional/Akzo Nobel. Because SSPC did not take photographs for this standard, the number of ini-
tial conditions and levels of cleanliness illustrated were based on the pre-existing photographs.

Conclusion

Proper surface preparation is crucial to coating performance. The coating supplier, the
owner/specifier, and the coating contractor must work together to ensure the optimum per-
formance of any coating. Over the years, the SSPC surface preparation specifications have been
recognized as the U.S. coating industry standards for defining levels of surface cleanliness. By
illustrating surface conditions that are frequently hard to describe verbally, SSPC hopes to assist
all parties in a coating project when they encounter situations in which a picture is worth a
thousand words. JPCL



13



14

The Effects of UHP Water Jetting
on Concrete Moisture Levels

Concrete
Moisture 

Levels

By Todd A. Shawver

NLB Corporation

Editor’s note: This article appeared
in JPCL in November 2005,
adapted with permission from a
paper given at the 2005 conference
of the Water Jet Technology 
Association.

Fig. 3

Fig. 1

Fig. 2

sed to clean and prepare concrete surfaces for over 30 years, water jets have shown
great potential for the repair and refurbishment of concrete.1 Older generations of
water jet pumps could not generate the pressures required to effectively remove
coatings from concrete. To combat this, the operators would use high flows to per-
form the removal. Excessive amounts of wastewater were created, greatly limiting

projects where water jetting could be used and raising the question for the coatings  industry:
Would the high volumes of water saturate the concrete and cause newly applied coatings to fail as
the excess water escaped the concrete?

Developments in ultra-high-pressure (UHP) water jetting have revolutionized the surface prepa-
ration process, radically reducing the amount of water needed. Pumps with pressures to 40,000
psi (2,800 bar) can now remove almost any coating using flows as low as 3 GPM (11.4 Lpm). This
high pressure/low flow combination makes containing the wastewater a much easier process. Ad-
ditionally, many tools have been developed that utilize vacuum recovery, making UHP water jet-
ting a viable concrete floor surface preparation process (Figs. 1–3). But the lingering question of
the effects of water jetting on moisture content in concrete, and therefore on coating performance,
led researchers to study whether in fact water jetting increased water content in concrete. This ar-
ticle reports on tests that showed water jetting did not, in fact, increase the moisture level of a con-
crete surface or hurt coating performance.

Addressing the Question: Does Water Jetting Concrete Increase 

Its Moisture Content?

The Problem with Moisture
Until recently, very little testing had been done that attempted to prove or disprove the theory
that the use of UHP tools increases the moisture level in the concrete.  Many argue that an in-
creased moisture level may slow production rates while waiting for the concrete to dry before ap-
plication of coatings. Others argue that excess moisture levels caused by UHP water jetting can
cause blistering, delamination, and other forms of coating failure.

Criteria For Testing 
To determine if UHP water jetting tools effect concrete moisture levels, a controlled testing envi-
ronment and procedure needed to be generated.

For ideal conditions, we determined that the test needed to be conducted on smooth, clean con-
crete. We further determined that the test had to be conducted on a day when weather conditions
dictated that neither temperature extremes nor relative humidity levels would influence the test-
ing. Our ideal conditions, therefore, were set for a sunny day with a temperature of 75 F (24 C)
and a relative humidity (RH) of 50%.

Fig. 1: Semi-automated tools are the most popular for performing coating removal from concrete. 
Fig. 2: A second variation of the semi-automated tool is a crawler that can clean horizontal and vertical surfaces.  
Fig. 3: UHP systems today allow users to vary the level of scarification. Heavy, medium, and light are shown (l–r).
Photos courtesy of NLB Corporation
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Test Zone 2: Water jet with vacuum recovery—
Pre-test moisture reading of 3.4% H2O

Test Zone 2: Water jet with vacuum recovery—Mois-
ture reading at five seconds after jetting: 

4.4% H2O

Test Zone 2: Water jet with vacuum recovery—Mois-
ture reading at one minute after jetting: 

3.3% H2O

Fig. 5:

The test zones were set up into four sections (Fig. 4). 
• Zone 1: The first section was to be our benchmark or constant for the day. This
zone was used to allow the concrete moisture content to be tracked throughout
the testing time frame to verify that environmental conditions did not influence
the testing as the day went on.
• Zone 2: The second zone was established as our section for testing UHP water
jetting with full vacuum recovery. This zone was set for 6 gallons per minute (23
L/min) with a discharge pressure of 40,000 psi (2,800 bar). The tool used had full
vacuum recovery capabilities providing 1,000 CFM (100 CMM) at 8 in. (20 cm)
of mercury. 
• Zone 3: The third zone was established as the section for testing UHP water jet-
ting without vacuum recovery. The intent of the testing was to determine what, if
any, advantage vacuum recovery gives with regard to the amount of moisture
present in and on the concrete at the end of the test. 
• Zone 4: The fourth zone was established as our saturation zone. In this section,
the concrete was saturated with running water for three straight hours. This sec-
tion was also used as a benchmark to simulate saturation from precipitation.

Moisture Measurement
To measure moisture, we researched the available market and chose an instrument that was
specifically engineered to measure concrete surface moisture and that was most sensitive to resid-
ual water on the concrete surface. The device works on the principle that the electrical impedance
of a material varies in proportion to its moisture content. The electrical impedance is measured by
creating a low frequency alternating electric field between the electrodes on the instrument. This
electric field penetrates the concrete under test. The very small alternating current flowing
through the field is inversely proportional to the impedance of the material. The instrument de-
tects this current, determines its amplitude, and thus derives the moisture level. 

Test Zone 2: Water jet with vacuum recovery—Mois-
ture reading at two minutes after jetting: 

2.9% H2O

Test Zone 2: Water jet with vacuum recovery—Clean
surface, no dust, no dirt, no moisture.

Test Zone 2 and 3 pull test—The vacuum recovery
with water jet leaves a clean surface (on left).

Fig. 4: View of the overall test area. Zone 1 at the bottom of the photo
working upward to Zone 4 at the top of the photo. 
Photos courtesy of NLB Corporation
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Test Results

The testing took place with environmental conditions very close to the ideal conditions previously
set. Actual conditions were 77 F (25 C) with a RH of 55%. Other conditions included sunny skies
with a light to variable wind at 3 miles per hour (5 km/hr). Test results are summarized in Table 1,
and samples of readings and concrete from the tests are shown in Fig. 5.

A moisture test was conducted on all four zones. Fortunately, the test indicated a consistent
moisture level of 3.4% across all four zones. During the tests conducted on Zones 2, 3, and 4, mois-
ture levels on Zone 1 were continually taken to verify that the moisture level of the concrete was
not changing through the course of the test. As indicated in Table 1, the moisture level on Zone 1
did remain constant, at 3.4%, throughout the test. 
• Test 1: The first test was conducted on Zone 4. This zone was saturated with water for three
hours. At the end of this period, moisture readings were taken as indicated in Table 1. In this case,
the saturated concrete surface returned to its original moisture level of 3.4% after 35 minutes.
Also, the light to variable wind combined with stable humidity and sunlight allowed the amount of
moisture in the concrete to return to its original level.
• Test 2: The second test was conducted on Zone 3. This zone was water jetted using 6 gallons per
minute (23 L/min) at 40,000 psi (2,800 bar). The tool used a proprietary, spinning water jet nozzle
that passed over the surface, completely cleaning it within 7 seconds. No vacuum recovery was
used. Table 1 shows that the moisture content in the test section dropped to 6% after 20 minutes
and returned to its original condition of 3.3% after 25 minutes. Figure 5 shows that while the sur-
face was cleaned, the residual latent material in Zone 3 was still present. 
• Test 3: The third test was conducted on Zone 2. This zone was water jetted using 6 gallons per
minute (23 L/min) at 40,000 psi (2,800 bar). Full vacuum recovery was employed. Again, the
spinning water jet nozzle completely cleaned the surface within 7 seconds. Figure 5 shows that the
moisture in the test section, which originally was 3.4%, had risen to 4.4% immediately after clean-
ing. After one minute, the moisture dropped to 3.3%, and after two minutes, the reading dropped
to 2.9%, where it stabilized.

Time
in Minutes

0

0.5

1

2

3

4

5

6

7

8

9

10

15

20

25

30

35

Table 1: Concrete Moisture Test Results

Zone 1 
Base Concrete 
(% Moisture)

3.4

3.4

3.4

3.4

3.4

3.4

3.4

3.4

3.4

3.4

3.4

3.4

3.4

3.4

3.4

3.4

3.4

Zone 2
Water Jet with Vacuum
Recovery (% Moisture)

3.4

3.5

3.3

2.9

2.9

2.9

2.9

2.9

2.9

2.9

2.9

2.9

2.9

2.9

2.9

2.9

2.9

Zone 3
Water Jet without Vacuum
Recovery (% Moisture)

3.4

6.1

6.1

6.1

6.1

6.1

6.1

6.1

6.1

6.1

6.1

6.1

6.1

5.9

3.3

3.3

3.3

Zone 4
Water Saturation 
(% Moisture)

3.4

6.1

6.1

6.1

6.1

6.1

6.1

6.1

6.1

6.1

6.1

6.1

6.1

6.0

4.2

3.7

3.4

Zone 5 RETEST
Water Jet with Vacuum
Recovery (% Moisture)

2.9

3.4

3.1

2.9

2.9

2.9

2.9

2.9

2.9

2.9

2.9

2.9

2.9

2.9

2.9

2.9

2.9
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The results from Test 3 on Zone 2 raised questions regarding the original moisture content of
3.4% and the resultant test results of 2.9%. After a lengthy conversation with technical support
engineering from the manufacturer of the concrete moisture meter, we found our answer. The very
small amount of residual iron deposits on the original concrete acted as a slight “conductor” for the
tool and elevated the moisture measurement slightly above the actual level.

Understanding this result, we decided that Test 3 should be repeated. This time, the concrete sur-
face would be free of iron deposits before the spinning water jet nozzle and vacuum recovery unit
were to be passed over the surface area. The moisture level before water jetting was measured
again and documented at 2.9%, slightly lower than in the first Test 3 because of the absence of iron
deposits. Once the test was completed, the concrete was immediately measured at 4.5% moisture
content. After one minute, the moisture had dropped to 3.1%, and after two minutes, the moisture
had returned to its original level of 2.9%.

Conclusion

Advances in water jetting technology, including increased operating pressures, traversing tech-
niques, and vacuum seal design have addressed many of the limitations of the first generation sys-
tems. These new tools have evolved to the point that they can provide a viable solution for coating
removal and surface preparation. 

Tests using new UHP technology showed that a water jetted surface that was vacuumed with a
recovery device providing 6 gal. per minute at 40,000 psi did not appear to have any additional
water in the interior of the concrete. When moisture readings did rise briefly after UHP water jet-
ting, the rise was due to water on the exterior of the concrete. In most cases, a water jetted surface
may be coated within a minute or two after cleaning has been done.
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Getting Ultra-High Performance
from your UHP Hose

Equipment
Maintenance

By Paul Webster and

Stephan Johns

Parker Hannifin

ltra-high-pressure (UHP) water jetting—with pressures as high as 40,000 psi—is in-
creasingly specified as a means of preparing a steel surface to be coated. Care of the
equipment is critical to the quality of surface preparation and to the safety of the water
jetting operator and workers nearby. Hoses are a key component in water jetting sys-
tems. This article will present field practices to assist the user in maximizing hose life,

determining when a hose should be replaced, and minimizing risks to workers’ safety.

Factors that Reduce Service Life 
Hose Fitting Stress 
The most common type of damage is at the fitting, which is the weakest point of the hose assembly.
Bend stiffeners are installed on the hose assembly to reduce bending directly behind the fitting, and
in turn to reduce stress at the hose and fitting interface and prolong assembly service life. A bend
stiffener keeps the hose straight behind the fitting, and the safety shield acts as a semi-stiff bend re-
strictor to let the hose gradually bend (Figs. 1 and 2). The general rule is to keep the hose supported
and straight directly behind the fitting for a minimum length of 4 times the hose’s outer diameter
(OD). Figures 3a and 3b show a hose attached to a gun that creates a bending stress at the fitting. Fig-
ure 3c shows a UHP hose equipped with accessories that eliminate bending stress at the fitting. 

Fig. 1: Basic design of a 40,000
and 55,000 psi hose assembly
with safety (burst) shield and
stiffener. 

Fig. 2: Basic design of a
40,000 psi hose assembly
with safety or abrasion shield
without stiffener. 

Editor’s Note: This article appeared in
JPCL in June 2006, and is adapted from
“Recommended Practices for the Use of
High Pressure Hose,” which the authors
presented at the 2003 WJTA Waterjet
American Conference, Aug. 17–19,
Houston, TX.

Mr. Webster is the engineering manager
for Parker Hannifin’s Polyflex business
unit. He has 23 years of experience in de-
signing and developing high-pressure
hose and related accessories.

Mr. Johns is the business development
manager for the Polyflex unit and has 10
years of experience in the water jetting
industry.
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Another type of stress at the fitting is axial loading: the hose assembly is stretched or compressed
at the fitting. Axial loading occurs, for example, when a hose assembly hangs from scaffolding and
stretches the hose at the topside fitting.  Similarly, if a hose assembly is tethered along its length to
a cable or other vertical fixture, the hose is vulnerable to axial loading at the point at which the bot-
tom side fitting supports the weight of the hose assembly. If the tethering device slides on the sup-
port, the bottom side hose fitting supports the weight of the hose and tethering components. Table 1
gives examples of decreased service life that result from stress at the fitting. 

Abrasion 
Abrasion may cause damage to the outer cover and underlying reinforcement. When the outer cover
becomes abraded so much that the reinforcement is visible, the reinforcement becomes the acting
wear member. All reinforcing layers, whether steel or fiber, contribute to the strength of the hose. If
the reinforcement becomes degraded, hose life and burst strength will be reduced. The hose should
always be visually examined before each use for signs of abrasion. A badly abraded hose is shown
in Fig. 4. 

Kinks and Crushes 
Kinks and crushes are caused by mishandling and improper installation of accessories. For instance,
dragging the hose around a sharp corner or pulling the hose when it is coiled and not allowing it to
naturally un-twist may cause the hose to kink (Fig. 5). With a safety or abrasion shield, damage to the
hose is not easily detectable because a safety or abrasion shield typically does not show signs of kinking.

Crushes may occur if heavy equipment is dropped on the hose assembly (Fig. 6) or if accessories
are improperly attached to the assembly. Crushes are oval, flattened areas along the length of the
hose. Kinks and crushes will significantly reduce service life of the hose and may lead to immediate
failure when the hose is pressurized. Fittings can be crushed also.

Hose Fatigue 
The main cause of hose fatigue is pressure cycling and pressure pulsations, which are the number of
times a hose is pressurized and de-pressurized. The steel wire reinforcement becomes weakened
(cold-worked) every time it is pressurized (stressed) and depressurized (unstressed). Triplex pumps
typically have small, high frequency pressure pulsations.  Pumps without pulsation dampeners,
which remove the pressure pulsations, cause the hose to expand and relax at very high frequencies.
The amount of pressure change has the most effect on hose reinforcement fatigue because the wire
reinforcement is stressed and un-stressed to a greater degree. If the pressure is constant and offers
very little cyclical pulsation, hose service life will increase. 

A second cause of hose fatigue is frequent flexing, which causes the wire reinforcement to weaken
or fatigue. This rare cause of hose fatigue occurs only in applications where the hose is under constant
flexing, such as robotics or applications requiring repetitive motion of the hose. Repeated flexing of
UHP hose should be minimized as much as possible. Consult the manufacturer of your water jetting
equipment about ways to minimize motion of the hose.
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Table 1: Lab Tests Showing Reduction in Service Life of UHP Hose

55ksi Hose Impulse Test 

Torsion Test 

Bent Fitting Test

Compressive/Tensile Test 

Test Results

10% reduction of impulse life with 10-degree twist 

63% reduction of impulse life when bent at minimum bend 
radius without keeping hose straight behind fitting

52% reduction of impulse life with 60 lb. continuous 
axial compressive or tensile load
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Chemical Attack 
Although UHP hoses are made of tough materials that resist fatigue and abrasion, they can still
suffer chemical attack. In water jetting applications, chlorine and fluorine, present in most
municipal water supplies, are the two main chemicals of concern. In concentrated forms, these
chemicals can attack the core tube, causing a condition called crazing (longitudinal cracking).
Unfortunately, not enough data has been collected to determine at what concentration levels
the chemicals will attack the tube or what circumstances allow chorine and fluorine to be
present at such high concentrations. 

Practices that Improve Service Life 
Reduce Stress at the Hose Fitting 
Reduce stress at the fitting by using bend stiffeners or by supporting the hose so that it is
straight for a minimum length of 4 times the hose’s OD. Install adapters that let the hose hang
straight down as opposed to having the hose exit the pump or gun horizontally and then droop
to the ground. If the hose is hanging from a great height, use support grips to support the
weight of the hose rather than having the fitting support the weight. Do not torque or twist
the hose assembly. 

Minimize Pressure Spikes and Pulsations 
Most water jetting systems have pressure spikes, which cause internal damage to all working
components of the system. Pressure spikes are often created when the gun or lance is put
under pressure. The release of pressure by the relief valve is not instantaneous, so there is a
moment when the pressure exceeds the relief set point and creates a pressure spike. Pressure
spikes are often higher than the rated working pressure of the hose assembly and overly
stress the hose construction. UHP hose may contract up to 2%. For each pressure pulsation,
the hose contracts and elongates. 

Minimize pressure spikes and pressure pulsations as much as possible. Use accumulators
or pressure pulsation dampeners, if available from the manufacturer, to smooth out the pres-
sure wave. Operate the pump at the manufacturer’s recommended pump speed (RPM). Do
not decrease the pump speed to lower the flow rate. Doing so will create severe pressure pul-
sations. 

Flexing and Twisting 
UHP hose is designed to bend and flex under high pressure. In one extreme surface prepara-
tion application, the hose is oscillated side to side in a 60-degree arc at frequencies upwards
of 60 cycles per minute. The hose performs very well; however, the extreme flexing causes
the reinforcement to fatigue. Another hose application is found in boring machines. The hose
is rotated to assist in the directional control of the hole being drilled. Please note that service
life will be reduced if the hose is subjected to additional stresses such as flexing and torsion.
Lab tests show that if a UHP hose is twisted 10 degrees, service life will be reduced (Table 1). 

Protect the Hose from Abrasion 
A primary cause of hose failure is abrasion, which occurs when the hose rubs on the ground
or against objects in the operating environment. A hose worn thin by abrasion can burst, po-
tentially endangering the worker. Newer hoses may have two layers of dissimilar-colored cov-
ers to allow early detection of excessively worn hose. When the outer cover is worn down to

Fig. 3: In a and b, a hose is attached to a gun without a burst shield, and the hose is stressed at the fitting, which is
improperly attached to the gun. Figure c shows a UHP hose with a burst shield and stiffener. The hose is properly
attached so it is not bent at the fitting.

a

c

b
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the sub-layer, the color change becomes evident, and im-
mediate action can be taken to prevent further abrasion.

Several accessories offer additional protection to the
hose cover. Abrasion shields are commonly installed on
the hose at the factory to prevent abrasion. Nylon spi-
ral guards, which can be applied in the field, are espe-
cially good at preventing initial abrasion or stopping
further abrasion once it has begun. Other types of
shields can be wrapped around the hose and secured
with tie wraps for localized abrasion resistance. Ask
your hose supplier what abrasion accessories are avail-
able for the hose you are using. 

Evaluating the Hose for Service 
Make it standard practice to inspect the UHP hose be-
fore every use. If the assembly is equipped with a
burst shield, make sure it has not pulled off of the fit-
ting or out of the stiffener, exposing the hose. Look
for indications of leaks at relief holes. If the hose has
an abrasion shield, inspect for areas that are worn
through and expose the hose to abrasion. This is a se-
rious condition and demands removing the hose from
service immediately and returning to the manufac-
turer for repair. Repair of worn areas is actually in-
expensive. (Do not try to repair the hose yourself.)

Inspect the cover for kinks or wrinkles behind the fit-
ting. Also, look for kinks and crushed areas along the
length of the lance. Inspect the fitting for damage (flat,
oval areas). Damage to the fitting can result from im-
proper assembly or from the water jet wearing away
the fitting. Check along the length of the hose for stiff
sections, which indicate corrosion of the metal rein-
forcement wire. If the reinforcement is corroding, the
hose must be discarded at once. Check the age of the

hose assembly. If its age cannot be determined, then it is safer not to use the hose than to risk possi-
ble failure. 

Remember: Service life depends on the type of use, pressure, and job requirements; therefore, a gen-
eral service life recommendation is not possible, and the user must inspect the hose before each use.

And Finally…
Since the development of high-pressure hose, many technical advances have been made. The core
tube materials are much tougher and have improved fatigue resistance. New manufacturing meth-
ods produce tubing of consistent quality. The quality and tenacity of the pressure-carrying rein-
forcement wire has improved dramatically, which means a longer service life and a higher rated
burst strength. Hose fittings have been engineered to avoid leakage, thereby increasing service life.
Outer covers are tougher and offer greater abrasion resistance. Hoses made from extra-thick mate-
rials may eliminate the need for abrasion shields. And other advances—e.g., improvements in chem-
ical resistance, safety features, hose pressure and flexibility—are in the research and development
stages. 

Regardless of the developments in hose quality, you will need to maintain your UHP hose and re-
lated equipment for every job where UHP water jetting is specified. Proper maintenance optimizes
the effectiveness of the equipment and minimizes safety risks.

Fig. 4: Badly abraded hose with the outer cover worn away and the 
reinforcing wires damaged. Hose is also kinked.

Fig. 5: Kinked hose. The hose was supplied with an abrasion shield only. 
A stiffener or bend restrictor was not used. 

Note the wrinkled outer cover directly behind the fitting.

Fig. 6: Crushed hose and fitting

JPCL
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o complete surface preparation projects on time and on budget, it is imperative to keep your
equipment working at maximum productivity. This short article does not focus on in-depth
equipment maintenance. Instead, it focuses on the simple maintenance and operational tips
that will help keep your ultra-high-pressure (UHP) waterjetting equipment at its peak per-
formance. These tips are applicable to both hand-held and robotic systems that are designed

to operate at 40,000 psi and above (Figs. 1 and 2). The simple things normally have the biggest im-
pact on overall system performance.

System Pressure Matters Most 

This is the most important item to check. It is a fact that the higher the pressure is, the higher the rate
of coating removal is. Check that your system is operating at full 40,000 psi when the equipment is
actually on. If it is not, inspect the system for the simplest things first.
• Pump operation—Make sure that the pump is properly set to operate at 40,000 psi. This is the sim-
plest thing to check but is often overlooked. 
• Leaks—Are there any visible leaks in the system? Check all hose connections, couplings, and out-
lets from the pump. Check to see if there are any leaks on the pump itself. Most leaks can be stopped
by tightening loose connections. Even the smallest of leaks can drop the system’s pressure below
40,000 psi.
• Check your jets—If one jet is worn or damaged, it can significantly reduce system pressure. Jets
can normally be checked visually.

Check Nozzles Throughout Operation

Check the quality of the nozzles periodically throughout
the day. Nozzles are inexpensive and easy to replace.
Each nozzle has several jets. One or two substandard jets
can result in a 10–15% reduction in productivity (Fig. 3).
Good jet quality probably has the most important influ-
ence on productivity. These jets do the actual “cutting” off
of the coating, and as with any cutting tool, you want
them sharp (or coherent in the sense of “well-focused”) to
maximize productivity.

Pressure Losses

Not only is it important to ensure that you have full oper-
ating pressure of your pump set at 40,000 psi, but it is also
important to have the maximum pressure possible actu-
ally delivered to the cleaning nozzles. You must minimize
the pressure losses in the high-pressure hoses that deliver
the UHP water from the pump to the cleaning nozzles.
Pressure losses are caused by transporting the high-pres-
sure water either too far or through too small of a hose. 

T

Don’t Let the Pressure Get You Down:
Maintaining UHP Systems

Maintaining
UHP Systems

By Rick Schmid

Flow International Corporation

Editor’s note: This article appeared
in JPCL in April 2004. 

Fig. 1: Robotic 
waterjetting unit

Photos courtesy of 
Flow International
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First, the pump should be placed as close to the work area as possible, prefer-
ably within 200 to 300 feet. Second, larger-diameter hose should be used to
transport the UHP water as far as possible, then teed off to small “feeder lines”
that go to each of the operating lances (Fig 4). If a robotic system is being used,
large-diameter hose should be used from the pump to the robot.

Without careful consideration of maintaining the correct pressure from
pump to hose to jet, you can easily lose up to 10% of your operating pressure
between the pump and the work area. This loss could, in turn, result in a 10%
or greater loss in productivity. The concept is very simple—the larger the in-
ternal diameter (ID) of the hose, the less pressure drop in that hose.

Additional factors to check include the following.
•  Nozzle rotational speed—Make sure your rotating nozzles are operating at
full speed. Most of them are designed to operate at ≥3,000 rpm. To achieve
maximum productivity, they need to operate in this range. These high rotation
speeds require a good air supply (90 psi or above) to the lance. If you are op-
erating the lances more than 100 feet away from your air source, make sure
you use a 3/4 ID air supply line. Smaller lines have too much pressure drop (or
line friction) and will significantly reduce nozzle rotation speed.
•   Consumable parts—Sufficient spares and consumables should be on hand to
maintain the equipment, keep it operating at peak efficiency, and reduce any
downtime. It’s equally important to have these consumables in a highly organ-
ized, compartmentalized box where they are quickly accessible to minimize
downtime. It is very common to see new operators try to keep these parts in a
cardboard box or even in the back of a work truck. This simple tip is many
times ignored.

This article is not meant to be an exhaustive maintenance program. It is in-
tended to illustrate how the simplest operational techniques add up to maxi-
mize productivity. Most of these tips cost little or nothing to implement into
your program.

Fig. 4: Use large and small diameter hose appropriately 
to maximize performance

Rick Schmid earned a BSME from the University of Washington. Currently, he is a

business unit manager, surface preparation products for Flow. His 15-year history with

the company includes positions in engineering, product management, and marketing.

He is an active member of SSPC and the WJTA.

Fig. 2: Hand-held waterjetting unit 
for multiple operators

Fig. 3: Worn jets diminish productivity JPCL



By Rick Schmid, Flow Corporation, with Dr. Lydia Frenzel, The Advisory Council, and Rich Burgess,
KTA-Tator Inc.
Water jetting is becoming an acceptable and many times preferable method of surface preparation
and is displacing abrasive blasting on many projects. Water jetting provides many benefits over abra-
sive blasting, including lower overall project cost, less environmental impact, and the ability for other
trades to work side by side with the water jetting operation. 

However, water jetting is still considered new by many inspectors and end users, and many ques-
tions arise. One of the current questions in the industry is, “How clean does the water need to be dur-
ing water jetting so that it does not contaminate the surface?”

There are two parts to this question. First, how clean does the water need to be so that it does not
affect the service life of the pumping system? And second, how clean does the water need to be so
that it does not affect the treated surface?

The answer to the first question is that each manufacturer has a different inlet water requirement.
Most manufacturers specify a potable water source and, in general, all will require mechanical fil-
tration down to 5 or 10 microns. This will take all the particulates out of the inlet water stream.
Potable water is defined as water suitable for human consumption. However, this filtration will not
take out the dissolved solids that generally do not damage the pumping system because they are lit-
erally dissolved in the water. Dissolved solids can travel through the pumping system and be ap-
plied on the treated surface. If this potable water is used, the amount of dissolved solids that pass
through the pump is normally insufficient to contaminate the surface. In addition, with this level of
mechanical filtration, there are simply no particulates that pass through the pump to contaminate
the surface with solid particulates.

The answer to the second question is a bit more complex and is best answered by Dr. Lydia Fren-
zel and Rich Burgess below. Dr. Frenzel is the chairman of SSPC/NACE Joint Task Groups 275-278
on Surface Preparation of Metals by Waterjetting, and Rich Burgess is the co-chairman.

The water quality issue is a question that focuses on the wrong feature. Potable water all over the
world has been used for water jet cleaning, resulting in quality performance of the coatings. The user
should focus on the end performance criteria of the substrate prior to coating as the measurable
quantity. For performance criteria, the user should be focused on measuring the surface after clean-
ing. The measurements of the visible appearance, the anchor profile, and the non-visible contami-
nants—oil, grease, salts, and other detrital material—are the fundamentals of surface preparation, not
the quality of water.
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Water purity and quality are important to the success of a UHP wa-
terjetting project. As defined in SSPC-SP 12/NACE No. 5, “Surface
Preparation and Cleaning of Metals by Waterjetting Prior to Recoat-
ing,” standard jetting water is “water of sufficient purity and quality
that it does not impose additional contaminants on the surface being
cleaned and does not contain sediments that are destructive to the
proper functioning of water jetting equipment.” How do you deter-
mine whether local water is suitable for use in UHP water jetting,
particularly for projects in areas where potable water is scarce?



The definition of water quality needs to be clarified to include language that clearly indicates that
the water does not leave deposits or contaminants on the surface that exceed the measurable limi-
tations, as agreed upon in contract or project documents, prior to coating application. In the project
documents, surfaces are examined before coating application for visible cleanliness, anchor profile,
non-visible contaminants, and, where appropriate, flash rust. The quantification of these parame-
ters before coating application is true for all the surface preparation methods—dry abrasive blast
cleaning, hand tool cleaning, power tool cleaning, needle gunning, grinding, chemical stripping, wet
abrasive blast cleaning, or water jetting.

In closing, it has been the collective experience of the Waterjetting task group that people are con-
sistently able to get field measurements that read “zero” detection or under 3 micrograms chlorides
per sq cm by using potable water without resorting to deionized water or other sophisticated filtra-
tion methods.

People are using potable water from various sources and getting the final detection limits that they
desire, very often zero detection. The performance limits are set within the project documents. There
has been no consensus, nor a paramount technical need, to set an arbitrary limit on the original jet-
ting water.

John Tanner, NLB Corporation
When I posed this question to a veteran water jetter, his answer was, “If it is okay to drink it, it is okay
to use it.” While in many cases this is probably correct, it is not necessarily always true. Recall that
SSPC-SP 12/NACE No. 5 is a cleaning specification. Water that is as clean as possible should be
used. There have been situations where riding crews on seagoing vessels have successfully used salt
water for cleaning and then followed with a fresh water rinse prior to coating. This method does
present a possible contamination problem and must be undertaken with care and excellent quality
assurance—any contamination on the surface to be coated must be removed. 

The high- and ultra-high-pressure pumps used in surface preparation today are precision-engineered
machines that are very susceptible to damage from particulate matter in the jetting water. It is a gen-
eral rule of thumb that pumps operating at higher pressures—36,000 psi and above—have much
tighter tolerances on machined parts than units operating in the 10,000–20,000 psi range. Because of
this, the water must be cleaner than it needs to be for the lower-pressure units. Introduction of any
abrasive sediment into a pump operating at 40,000 psi will rapidly destroy expensive parts in the fluid
end. To prevent this damage, filtration systems are used on the inlet water side of the pump. The fil-
tration system should be two stage: a bag or sock filter that will collect larger particles, followed by a
6-micron absolute filter—a cartridge style filter that will stop all particles larger than 6 microns (which
is .0002 inches!). Experience has shown that using a smaller filter, for example a one-micron filter, while
protecting the unit, can result in excessive filter changes, which are costly and represent downtime. 

Another water quality issue is water hardness or the presence of dissolved ions or salts. A high
concentration of salts can cause wear on the internals of a pump and allow for a build-up that can
affect the efficiency of the pump’s operation. In areas with very hard water, it is advisable to use
“water-softening” treatments to adjust the hardness level. The presence of ions, both positive and
negative, is collectively included in what are known as Total Dissolved Solids (TDS). They cannot be
completely removed by filtering. It is the presence of anions such as bicarbonates, carbonates, chlo-
rides, and sulfates that characterize “hard water” and create problems for pump internals. Water
very high in chloride contamination may also contaminate the surface. 

It is also interesting to note that using de-ionized water, water free of all ions, can be detrimental
to the unit. It has been observed that de-ionized water can damage some internal components of
pumps, depending on their composition. Another factor to consider is gases in the jetting water! Mi-
croscopic air bubbles collapse under pressure and destroy pump parts. Some manufacturers include
a baffled water tank that minimizes this occurrence. 

To assure long, unhampered pump life and a clean surface after jetting, utilize clean, potable water
and high quality filters. Change the filters as needed to assure an uninterrupted supply of water. 
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he coatings and corrosion industries tend to learn by experience within a fairly closed network.
Around 1977, when this author first observed the effect of waterjet cleaning (WJ) at 140 MPa
(20,000 psi) on new, old corroded, and painted steel surfaces, the surface obtained looked very
different from that obtained by dry abrasive blast cleaning (AB). The visible appearance of
steel, as created by AB, was the only accepted surface preparation. Did WJ produce a substrate

that could be repainted? Could the coatings industry accept a surface preparation method that gave steel
such a different appearance?

Many of the initial WJ papers that the author studied were complex, filled with equations, and fo-
cused on cutting, not cleaning. What happens to the surface when hit by a droplet travelling at high ve-
locity appeared in cavitation studies in the marine, rocket, and aircraft industries, but not, as of 1977,
in the coatings literature. In 1977, AB was, and remains, the method of choice to make the initial profile
for the coatings industry. The AB process was the only industry standard. Since 1977, however, the lan-
guage and concepts concerning surface preparation, including AB and WJ, have changed.

This article describes the history of WJ cleaning, discusses the effect that pressurized water has on the
gross and microscopic details of a substrate, and examines a profile created by AB and one cleaned, or,
created, by WJ. The article integrates papers from the Waterjet Technology Association in the U.S. and
BHRA in Europe with articles from the JPCL and documents from SSPC and NACE.

Historical: 1976-1994

In 1975, 70 MPa (10,000 psi) water pressure was the high end of the range for cleaning. Intensifier
pumps could produce higher pressures for cutting operations. In 1983, this author conducted a small
pseudo-scientific test to determine if water at 140 MPa (20,000 psi) could prepare steel surfaces for
painting, with the following results.1

• Water at 50–70 MPa (7,000–10,000 psi) did not deliver enough energy to the surface to disrupt the
lateral bond between old corrosion and the surface but was sufficient to clean out pits. 
• At 140 MPa, the appearance of the WJ-cleaned surface differed completely from that achieved by
AB. The surface cleaned by WJ did not get shinier or smoother or lighter with extended cleaning but was
dull gray. Old corrosion marks and scratches remained on the surface. Defects were immediately ob-
served. 
• At 140 MPa, the surface turned instantly “golden yellow” no matter how fast it was dried with hot air.
The color and surface appearance remained the same for days and sometimes months.
• At 140 MPa, the water droplets did not form beads on the surface; instead, the water wetted the en-
tire surface.
• Compared to steel surfaces cleaned with WJ at 140 MPa, surfaces prepared by AB were uniform and
were the goal (to meet SSPC VIS-1 and ISO 8501-1).

On a microscopic scale, it was evident that, compared to AB, WJ was doing something different to the
surface very quickly. In the study, WJ cleaned more area per unit area than AB (Figs. 1–3).2

By 1989,3 this author was reaching the conclusion that the surface produced during WJ was, at a mi-
croscopic level, becoming fractal (geometric pattern repeated at ever smaller scales to produce irregu-
lar shapes and surfaces). In contrast, AB reshapes malleable metal, creates microscopic flat surfaces, and
erodes the metal surface in distinct, larger-than-microscopic patterns (i.e., in thousandths of inches) and
visible to the eye as compared to patterns that require a magnified view to see.
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This author wrote that the effect of WJ on steel “is significant because the growth of corrosion is
thought to be fractal. Solid particulate blasting is quite effective in creating the initial pattern on steel sub-
strates, perhaps more by the ductile and malleable properties of the metal than by cutting and gouging.
Solid particulate blasting is effective in removing brittle rust products and coatings lying on the top of
the metal surface. There is evidence that rust products can be hidden under the metal folds. Particulate
blasting in a Gaussian [bell-shaped] distribution from a nozzle is not predicted to be an effective method
to remove corrosion initiation sites [any point on a metal where there is a ‘potential difference,’ neces-
sary for corrosion to occur]. The visible rust is removed, but the microscopic [initiation site] is not re-
moved.”3

The author observed that with high-pressure (HP) WJ (70 MPa), crevices and deep pockets of rust
were removed preferentially, leaving tightly adherent rust products on the upper tips. The older metal
surface cleaned by ultra-high pressure (UHP) WJ at 140 MPa (as defined then) and fan jets did not re-rust
in the localized patterns found in particulate blasting but developed an overall golden color associated
with thin film diffraction (like the color in a soap bubble), as if a coherent metal oxide film had formed—
strong evidence that the WJ was removing, or uniformly redistributing, the microscopic corrosion ini-
tiation sites.

Corrosion or Re-Rusting on Steel, Corrosion Initiation Sites

This author predicted in 1989 that WJ would remove corrosion initiation sites more effectively than AB.
In 2000, three heavily corroded steel sections from a marine barge were blasted to ISO SA-3 (SSPC-SP
5/NACE 1) “White Metal”; washed with 31 MPa (4500 psi) water to remove salts; and abrasive blasted
to white metal; or cleaned to approximately NACE/ SSPC WJ-1. They were then placed in individual
sealed containers over water and stored indoors for 6 years. The panels were at 100% relative humid-
ity. A little condensate formed and dripped on the panels. Sometime during year 5, the water finally
evaporated. Light gelatinous rust spots from condensate were visible on the steel cleaned by WJ. The sec-
tions cleaned with abrasive blasting or pressure washed prior to abrasive blasting look remarkably the
same. There is no evidence that pressure washing changed the corrosion pattern. The WJ-cleaned plate
has discrete sites with only the light golden hue from the original WJ (Figs. 4–6).

1994 to Date

By 1994, new WJ equipment for surface preparation made removal of coatings and rust economically
feasible. Higher-pressure pumps, rotating heads, and remote controls were becoming commercial. Envi-
ronmental issues (e.g., dust control) were forcing changes, and the coatings and WJ industries found each
other. In January 1995, JPCL published “New Hydroblasting and Slurryblasting Standards Issued” (pp.
64–69), and SSPC- SP 12/NACE 5, “Surface Preparation and Cleaning of Metals by Waterjetting Prior
to Recoating,” was issued.

Nozzle and Flow-Pressure 
WJ cleaning has two actions: the direct impact from the velocity of the jet and the sideways flow or
shear controlled by the volume of water flowing (Fig. 7, p. 49). 

To “cut through or abrade” coatings or rust products, impact-induced erosion must be sufficient to
break down their cohesion. Shear stress that develops against the vertical pit walls produces hydraulic
lifting and stresses the adhesion forces. (Also, see ref. 4.) 

Water Streams and Stresses 
In 1995, R. Lever discussed the relation of velocity and shear and produced a clear illustration of the ro-
tational effect.5 Lever was turning the selection of “how much pressure or volume of water should be
used” into a rational process. Lever noted that surface cleaning can be accomplished by lower pressure
and higher volume—21 Mpa–70 MPa (3,000 to 10,000 psi)—although lower pressure and higher vol-
umes do not degrade coatings very much. 
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Fig. 1: Abrasive blast—rounded abrasive 
(magnified)

Fig. 3: Water jet-cleaned—angular 
(magnified)

Fig. 2: Water jet-cleaned—rounded initial profile 
(magnified)



The revolving jet stream travels transversely, so it flexes the coating repetitively. The jet
stream loads, unloads, and stresses the tensile flexure of the coating. In areas of low adhe-
sion over hidden blisters or under-coating rusting, the coating pops off because of the ten-
sile flexing, even if the coating is not breached.

Lever observed that as pressure increases (higher velocity) and flow decreases, the con-
centrated jet energy increases. The jet energy intensity erodes coatings and stresses the
binding or cohesion force of the coating. More volume tends to shear or hydraulically lift
the coating; more velocity from a smaller orifice tends to erode the surface. 

Energy of the Surface—Wetting or Peening 
During the testing in 1983, the author saw that the surface prepared by WJ wetted—that
is to say, beads of water did not form on the surface. Coatings require a surface that can be
wetted for effective adhesion, and the good adhesion obtained on a WJ-cleaned surface
was confirmed in July 1994, by International Paint at a Naval Sea Systems Command
(PERA-CV) “Water Jet Workshop” conference in Bremerton, WA: adhesion values were
higher than expected over surfaces after WJ, and light flash rust formed. Kelly later wrote
about the need for the coating to wet out to achieve proper adhesion.6

Wetting 
In 2001, McGaulley et al. looked at coating over new, smooth surfaces prepared by grit
blast, shot peen, roto peen, wire wheel, grinder, water jet, and solvent cleaning.7 The results
are complex. The authors found that all the methods had comparable adhesion values even
though the WJ and solvent cleaning had no profile detectable by either the Testex tape or
profilometer. They noted, however, that “During surface preparation, the wetting charac-
teristics of the surface changed significantly. Prior to water jetting, water was observed to
bead on the surface meaning incomplete wetting was achieved and the substrate had low
surface energy. After the surface was water jetted, however, water was observed to spread
quickly over the surface….”7 Hence, increased wettability was achieved, and the surface en-
ergy of the substrate increased. 

Residual Stess, Peening 
Although McGaulley et al. had no explanation for the wetting,7 it is known from other in-
dustries that WJ is used to “peen” surfaces, reduce residual stresses, and change the energy
of the substrate. Typically an aluminum alloy has been used as a test material rather than
steel because it requires less velocity to get the results. 

As indicated in some of S. Kunaporn’s findings when studying WJ peening on alu-
minium alloy 7075-T6,8 the energy of the surface changes. The fatigue strength is enhanced.
In addition, there may be erosion that depends on the nozzle and the WJ stream. 

Regions of Water Exiting from the Nozzle 
Other researchers describe multiple regions in a “continuous” high-speed water jet. As the
water exits the orifice, there is an initial region of a core jet, then a transitional region where
the continuous flow has a droplet layer around the core jet, and, finally, a zone consisting
of droplets and air.9

Starting around 70 MPa (10,000 psi), the water travels at the speed of sound in air.
Velocities of 2–3 times the speed of sound are common, so there are conditions of ultra-
sonic compression/decompression when the water hits the substrate. Some water droplets
will have entrapped air, resulting in additional energy provided by imploding droplets with
partial vacuum bubbles.9
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Fig. 5: Marine steel: pressure washed, abrasive blasted, 
and exposed to humidity. (After 6 years)

Fig. 4: Marine steel: abrasive blasted and exposed 
to humidity. (After 6 years)

Fig. 6: Marine steel: UHP WJ-cleaned and exposed to humidity.
Orange gelatinous rust due to interim trial at making “flash rust.”

(After 6 years) 



Cavitation—SonoChemistry
The effects of cavitation—the formation, growth, and implosive collapse of bubbles in a liquid—within
the fluid jets can be minimized or enhanced, depending on the nozzle and the overall systems.10

Maynard described SonoChemistry as being based on the effects of cavitation, the creation and col-
lapse of bubbles in a liquid subjected to ultrasound. Because the bubbles are so small compared to the
volume of surrounding liquid, the heat dissipates rapidly, and ambient conditions remain essentially un-
affected, giving unique qualities to ultrasonic cavitation in water.10

Eighteen years earlier, Suslick had shown why pressurized water can get into cracks and why it is “dif-
ferent” from solid abrasives. A 100-micron diameter water droplet appears to hit the surface as a 5–10
micron particle.10 In contrast, during AB, a 100-micron solid abrasive (4 mil, 100 mesh) cannot physically
get into a hole less than 100 microns in diameter, leaving a pit or crack uncleaned unless “clean” solid dust
from the impact and breakup of the abrasive can fill it. 

The present author could now rationalize her previous observations of UHP WJ cleaning with that of
SonoChemistry. In 1983, a light golden color seemingly formed instantaneously over the entire steel
surface when struck by water travelling at the ultrasonic speed of 522 m/sec (70 MPa), or 1.5 times the
speed of sound in air. The golden color, as in a soap bubble film, was a thin film caused by a diffraction
pattern. The academic explanation is that droplets within the stream are collapsing in the 10E-10 to 
10E-12–second time frame, giving a very localized energy spike that results in a thin, very tightly 
adherent layer of oxides or hydroxides forming on the surface instantaneously and leaving it resistant
to new corrosion.

Making a Profile 

It is possible to profile metal with WJ alone. When the present author originally sectioned through sur-
faces cleaned by 140 MPa (20,000 psi), she found, but could not explain, what she described as a micro-
profile that was much smaller than the larger “peak-to-valley” profile measured in the coatings industry.
She thought cavitation might play a role. 

An explanation might be found in subsequent researchers’ work on the erosion/profile of exotic met-
als in the aerospace industry after cleaning by WJ. VanKuiken11 shows that the WJ-treated surface is
very reactive for coating bonding. Taylor12 shows that surface area increases, a component Hare (dis-
cussed later) finds desirable for coatings performance. Miller13 shows that WJ removes considerably less
material removed than does conventional AB. The authors caution against prolonged exposure or zero
sweep rates. Draughon14 and Dupuy15 show the depth of cleaning without metal damage. 

General Discussion of Profile and Erosion

The above studies also emphasize that the profile from WJ depends on grain size. The WJ profile was
much finer than those prepared by AB. The present author’s conclusion to the coatings industry is that
the major profile, the one that is measured in terms of microns (thousandths of inches), remains the
same, but the microscopic details change. The crevices are open. Extraneous loose material is removed.
WJ produces more surface area per unit area. The coating can wet the surface and adhere well. 

Furthermore, the existing profile under the coating or rust is cleaned off and renewed. The author
does not expect the peak-to-valley height to change during WJ, unless embedded abrasives or “hackles”
were included in the original profile reading. Removal of embedded abrasives, or “hackles” could change
a subsequent profile reading. 

To avoid misunderstanding the making of profiles on steel while WJ cleaning, the readers should un-
derstand that the above authors are deliberately trying to maximize erosion of the substrate or target.
The aircraft and rocket industries use up to 350 MPa to clean critical parts. The engineers have looked
at the fatigue, removal, and profile effects on the metal surface because they do NOT want to do anything
that will affect the integrity of jet aircraft engine metal substrates. 

Moreover, while defining safe parameters for cleaning the interiors of pipeline made of various sub-
strates, Wright made it clear that profiles can be formed if one is not careful.16
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Fig. 7: Flow pattern of WJ



Adhesion 
Adhesion, a good indicator of coating performance, is not the only consideration. Coatings manufacturers
with whom the author has spoken are impressed with adhesion enhancement, laboratory results, and long-
term performance of coatings over WJ. Most of the coatings literature refers to “pull off” tests. 

In 1995, the US Navy, being concerned about flash rust, required that the adhesion of coatings applied
over WJ-cleaned surfaces have a pull-off adhesion of 6.8 MPa (1,000 psi). The coating applicators had no
problem meeting that test.17

In considering factors concerning adhesion, Hare (1996) talks about molecular bonding and mechan-
ical (or lock and key) bonding in two papers.18 He cites the need for expansion of the real surface area com-
pared to the apparent planar surface. Hare talks about expansion of the surface by scarification with
sanding and abrasive blasting; the formation of thin oxide and hydroxide films on, and well-bonded to,
the surface; and reactions and molecular associations that improve the adhesion of the coating to the sub-
strate. 

Practical Example of Adhesion 
Prior to 1994, the general contracting division of Pacific Gas & Electric (PG&E) had been cleaning with
WJ at approximately 10,000 psi and high volumes for about 20 years to prepare old, previously lined
penstocks for relining. PG&E personnel were satisfied with, and confident in, the process, but wanted
some test data to back up their experience.19 PG&E and Bechtel designed an accelerated laboratory
method where there was a direct comparison between the surfaces cleaned by AB and those cleaned by
WJ. They cut out old, heavily pitted, field penstock initially prepared with AB; cleaned coupons par-
tially with AB and partially with 70 MPa (10,000 psi) WJ; and applied epoxy or polyurethane coating.
The coated panels were placed on either side of Atlas cells. One side was epoxy (WJ); the other was
epoxy (AB) or polyurethane (WJ and AB). They exposed the coated side of the panels to the de-ionized
water (DI) at 140 to 145 F with partial immersion so they could see vapor and immersed conditions. The
uncoated side of the panel was held at 75 F. The simple onset of blisters turned out to be deceiving. 

One feature was readily apparent when Aldinger looked at the epoxy and urethane coatings on AB
panels. There were no blisters on the epoxy (AB) but the entire surface had a layer of water under it. In
essence the entire coating was one huge blister. The substrate was wet because the water had migrated
through the coating that extended up into the vapor zone. The whole surface between the coating and
the metal was covered with black rust. The coating was easily peeled from the panel. 

The WJ panels developed blisters earlier than the corresponding AB panels. At first PG&E and Bectel
said that panels from WJ had early blistering and had failed. Remember, this is 1994. However, on the
WJ-cleaned panels, there was water in the blisters but the blisters were localized or isolated. There was
NOT a film of water on the entire panel. The coatings were tightly adherent and had to be chipped away
from the surface. There were blisters because the coating was tightly adherent, so it would not shear at
the substrate-coating interface. As the water migrated to the substrate the only way to make a space for
the water was for the coating to expand upwards. See C. Hare (1997) for more explanation.19

PG&E thought that based on these observations, water blast cleaning would give coating perform-
ance results comparable to traditional dry abrasive blast to SSPC-SP 10, Near-White. Indeed, that was
the case (or was in agreement with their field observation). 

Conclusions

This article has briefly looked at the energy delivered to a substrate during high-pressure waterjet
process; the wetting of WJ- cleaned surfaces; and the formation of a profile, under controlled conditions,
for low density metals. 

In 1977, there was a lot of skepticism about the quality of a WJ-cleaned surface and curiosity about
the black staining that remained on corroded steel. This skepticism remains in 2010, even though mil-
lions of square feet (square meters) have been painted in maintenance over WJ-cleaned surfaces from
“just get the loose stuff off” to “clean to bare metal.” 
• Over the past 30 years, the industry has changed its concept of what type of surface must be achieved
in order to be “clean.” 
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• The present author defines surface preparation as “Creating the situation so the coating will perform
as expected.” 
• The industry used to talk about the “process” (abrasive blasting) for a clean surface; now, the industry
talks about the end result—“performance” language for a “clean” surface. 
• WJ cleaning has fundamentally changed our language and concept of what is occurring at the surface,
and what we are trying to achieve.
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Characterizing Surfaces after UHP
Waterjetting in New Ship Construction

New Ship 
Construction

Editor’s note: This article appeared
in JPCL in May 2011. 

By Philippe Le Calvé,
DCNS, France; 

Jean-Pierre Pautasso, 
Direction Générale de l’Armement, France;

Nathalie Le Bozec, 
French Corrosion Institute

urface preparation processes influence the performance and lifetime of coating systems 

applied to steel substrates. Thus, the state of the steel surface immediately before painting is

crucial. The main factors influencing performance are the surface cleanliness (e.g., is it free

of rust and mill scale, surface contaminants including dust, salts, and grease) and surface

profile. For aggressive environments such as marine atmospheres of corrosivity category

C5M and high-performance coatings that require cleaner and/or rougher surfaces, blast cleaning is

normally preferred. It is well known that surface preparation using abrasive cleaning in particular can

produce a considerable amount of waste containing mainly blasting media and removed paint or rust

products. 

S

First sea trial of the first-of-class frigate, Acquitane (18th April 2011)
Photo reproduced with permission of DCNS
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To reduce the amount of waste generated during maintenance work or complete renovation of ships

as well as other structures, ultra-high-pressure (UHP) waterjetting is becoming a common alternative

to abrasive cleaning, as long as the performance of the coatings on the steel is not affected. UHP wa-

terjetting technology has been described intensively.1-3

To help understand the performance of coatings over waterjetted steel, it is crucial to characterize

the surface quality of steel substrates prepared by UHP waterjetting in terms of flash rust, salt contami-

nants, surface roughness, and related factors. 

• Previous work by Le Calvé et al. to better understand surface preparation by UHP waterjetting and

its influence on coating performances through accelerated corrosion tests and field exposures has al-

ready been reported.4,5

• One study was dedicated to the extraction and the measurement of iron oxides, as a function of the

degree of flash rusting (OF0, OF1, OF2) as described in the standard NF T35-520.3 It should be re-

membered that the original state of the substrate is a determining element in the concentration meas-

ured. The latter can vary between 4-6 g/m2 for a level of flash rusting OF1 and higher than 8 g/m2 for a

level of flash rusting OF2. Islam and co-workers used similar techniques.6

• A systematic investigation of the influence of flash rust on the performance of four reference paint sys-

tems applied in new construction and maintenance operations after UHP waterjetting preparation (hand-

held gun, 2100 bar*) showed that the method did not lead to coating performance similar to that

provided by classical abrasive cleaning (Sa 21/2).4 The study showed a drop in the coating performance

as a function of increasing level of flash rust degree from OF0 to OF2, which highlights the importance

of the steel surface state before UHP waterjetting. 

• The performance of 13 different coating systems applied to UHP-treated steel in maintenance

(robot, 2450 bar) was studied in field exposure and laboratory tests and compared to classical abrasive

blasted steel.5 Four coating systems applied to UHP-treated surfaces were found to give satisfactory

results, comparable to surface preparation by abrasive blasting.

Although UHP waterjetting is becoming more widely accepted and used for maintenance applica-

tions, the suitability of this technique for new construction requires further study. In particular, the

secondary surface state of steel after waterjetting a shop-applied zinc-rich holding primer (as in new

vessel construction) is not fully described. There is, therefore, a need to better assess the efficiency

of waterjetting for such applications. 

In response to this need, this article describes the results of a new study on UHP waterjetting for

secondary surface preparation in new vessel construction. The article reports on the first part of the

study: the influence of cleaning parameters such as flow pressure or type of waterjetting tools in

terms of surface cleanliness, roughness, and zinc holding primer remaining on the surface after wa-

terjetting. The results are also compared with a traditional grit-blasted surface. The second part of

the study, which will be reported in a subsequent article, addresses coating performance over

waterjetted steel in new construction. 

Experimental
Samples and Surface Preparation

Practices for preparing new steel vary among shipyards. To hold the blast on new, abrasive blast-

cleaned steel plates, a temporary (holding) primer is applied. In some shipyards, the primer is removed

before the specified system is applied, while in other yards, only damaged holding primer is completely

removed. In the study, therefore, panels prepared from DH36 steel, commonly used in naval construc-

tions, were selected with different surface preparations to represent different practical cases that may

be found on a structure in the shipyard. 

As shown in Table 1, one set of steel panels (100 x 175 mm) was grit- and shot-blasted (metallic

abrasives) in an automatic facility to grade Sa 21/2 (roughness Ra = 7 microns), and then coated with a

temporary zinc-rich shop primer (zinc silicate, 10–15 µm) as their initial condition (Type 1 panels). An-

other set of panels (Type 2) were grit blasted to Sa 21/2 with medium grit (Ra = 10–12 microns) and left

*1 bar = 15 psi
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uncoated as their initial condition. Secondary surface

preparation on Types 1 and 2 panels consisted of

UHP waterjetting, performed using either a gun or a

robot. Table 2 gives details on the UHP waterjetting

equipment and configurations used to get a degree

of cleanliness, DHP4 according to NF T35-520, and

a flash rust level less than OF1 as defined in the

same standard. Three different pressures were ap-

plied on Type 1 samples (i.e., 2560, 2800, and 3000

bar), both with the gun and the robot. The samples

were identified by a system denoting the original

state and the subsequent treatment used; for exam-

ple, the label Sa_R_2560 corresponds to: Sa =

blasted surface Sa 21/2, R = Robot UHP waterjetting; 

2560 = pressure of UHP waterjetting, 2560 bar. 

Two further panels were used as additional con-

trols, one grit blasted to Sa 21/2, without further treat-

ment (no primer and no secondary surface

preparation), and one grit/shot-blasted panel with

zinc silicate primer applied, followed by grit blasting

to Sa 21⁄2 as secondary surface preparation. 

Evaluation Procedures
• Surface profile

A stylus instrument was used to determine the sur-

face roughness parameters (Ra). Twenty measure-

ments per sample were made and averaged. 

• Scanning Electron Microscopic Examination (SEM) 

The surface microstructure of the steel was studied using SEM. The composition of the substrate

and, in particular, the amount of zinc from residual zinc shop primer was determined using an Energy

Dispersive Spectrometer (EDS) coupled to the SEM. The depth of analysis was about 100 µm, and 3

measurements per samples were made and averaged.

• Mössbauer Spectroscopy

The determination of rust composition was performed using Mössbauer spectroscopy at the Institute

of Materials from the Czech Science Academy. Investi- gation of a surface layer to depths up to 300

nm was carried out using Conversion Electron Mössbauer spectroscopy (CEMS). The measurements

were performed on an area of 10x10 mm2. 

• Condensation Testing

A condensation chamber was used to study the formation of red rust as a function of exposure time

and surface preparation. Intermediate evaluations were performed after 30 minutes and every hour on

the first day. The test was conducted at 40 C over 3 days. The extent of red rust was calculated using

image analysis software applied to photographs of the samples. This was done on a surface of 6x6 cm2,

excluding edges.

Results
Characterization of Steel Surface Profile
Unlike abrasive blast cleaning, UHP waterjetting does not impart a surface profile to the substrate be-

cause no abrasive is in the water stream. However, it is important for the waterjetting to remove con-

taminants such as dirt and rust as well as old paints.

The influence of water pressure from 2560 to 3000 bar and of the waterjetting tool (hand-held gun

and robotic unit) was studied on zinc-rich shop primercoated steel substrates, and the surface state

Table 1: Description of Steel Samples and Initial States 

Type 1 Type 2

Type of steel DH36

Initial states Blasted to Sa21/2 +        Blasted to Sa21/2

Zinc-rich shop (ISO 8501-1)
primer coated               

Secondary
surface 
preparation UHP Waterjetting UHP Waterjetting

Parameters                         Hand-held Gun                               Robot

Degree of cleanliness                                                     DHP4 
according to NF T35-520

Level of flash rusting                                                      <OF1 
according to NF T35-520

Pressure of cleaning from 2560 bar to 3000 bar from 2560 bar to 3000 bar

Water flow 15 liter/min for 2500 bar 28 liter/min for 2500 bar 
40 liter/min for 3000 bar

Equipment “Rotorjet” with 4 nozzles Rotating water jet head 
0.4 mm with 10  nozzles,

Angle of cleaning 75-90 degrees 90 degrees

Conductivity of water 400 µS/cm 400 µS/cm 

Distance of jet from 50 mm between 20 and 30 mm
surface

Table 2: Description of UHP Waterjetting Parameters and Equipments



was evaluated by microscopic inspections using

SEM and roughness measurements. No statisti-

cally significant differences in the surface state

among the UHP-treated panels were observed due

to the pressure or the type of UHP tool.  However,

after UHP waterjetting, the degree of surface

roughness obtained was lower than would be

achieved with abrasive blasting to Sa 21⁄2. The ef-

fect of this lower roughness on coating adhesion

needs to be examined.7  

Figure 1 compares the roughness parameter Ra

measured using a stylus instrument as a function of

water pressure and waterjetting equipment panel

treatment. (Only the robot results are shown for the

Type 2 panels.) Typical Ra values of 9 to 12 µm

were found for abrasive blasted panels without the

zinc primer (Type 2 panels), while a slightly lower

roughness (7 to 8 µm) was found after UHP water-

jetting was applied on zinc primer-coated steel

(Type 1 panels) In Fig. 1, the bars represent the av-

erage Ra value, and the lines on each bar repre-

sent the range of results. 

Surface Steel Composition
SEM/EDS technique has been used to analyze the

remaining zinc after UHP waterjetting of zinc shop

primer-coated steel and thus evaluate the efficiency

of UHP waterjetting in cleaning the steel surface as a

function of water pressure and equipment. It should

be highlighted that the depth of analysis depends on

the technique used, with about 100 µm for

SEM/EDS.

Figure 2 demonstrates the influence of UHP water-

jetting pressure on the removal of the zinc shop

primer.  The y-axis represents the ratio Zn/Fe calcu-

lated from EDS spectra, and the x-axis indicates the

UHP equipment used and the pressure. The results

clearly indicate that zinc remains on the steel surface

regardless of the waterjetting equipment used and

regardless of the pressure, between 2560 and 3000

bar. However, a better efficiency in removing zinc

was observed for water pressures of 2560 and 3000

bar with the robot compared to the gun. Note that

traces of zinc also remain on the steel surface after

abrasive blasting, as indicated by the fifth bar in Fig.

2 (which, as a control for this part of the study, was

initially automatically abrasive blasted, then coated

with the temporary zinc primer, and then abrasive

blasted again to remove the primer). SEM/EDS in-

spection of the abrasive blasted surface showed the

presence of dust from abrasives on steel, in contrast

to UHP waterjetted surfaces, where no debris was

observed on the surface.
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Fig. 2: Influence of UHP waterjetting pressure and tool on the removal of zinc from zinc shop primer coat.
Ratio Zn/Fe in weight from SEM/EDS measurements. 
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Mössbauer spectroscopy analysis was conducted directly on the steel surface to assess the relative

amount of iron phases in a surface layer of approximately 300 nm in thickness. The results are pre-

sented in Fig. 3 for the 6 different surface states inspected. It can be observed that a large part of iron

is present in its metallic form (Fe [a]), in particular for the abrasive blasted surface Sa 21⁄2 only or with a

further UHP waterjetting. In addition, the oxide thickness is rather thin on these samples when compar-

ing the one on steel initially covered with a zinc shop primer. On the reference steel Sa 21⁄2, iron oxides

are composed of magnetite (0.03) and Fe3+ (FeOOH) in equal proportion. No significant influence of

UHP waterjetting may be observed on the composition of iron oxides at least between 2560 and 3000

bar. However, it seems that UHP waterjetting applied on abrasive blasted steel favored the formation of

Fe2+. The results should, however, be considered with caution because the relative amount is quite low

and the surface of analysis is restricted. Although at this stage the composition of the rust is academic,

it could be useful for interpreting the results of paint

testing in the second part of the study.  

For the steel surface initially covered with the zinc-

rich shop primer and further cleaned using waterjet-

ting, the thickness of the oxide layer is indeed more

important and composed of Fe2+, Fe3+, magnetite, and

a mixed oxide type FeX2O4 (where X = Si, Zn). There

is, however, one exception for the samples waterjet-

ted with the robot at 2560 bar, where the oxide layer

is composed purely of magnetite. Further investiga-

tions should be made to determine whether the ex-

ception is a rogue result. On the other waterjetted

surfaces, magnetite represents between 6% and 8%.

No significant effect from the waterjetting pressure or

tool used was observed. 

Nevertheless, one cannot exclude the possibility

that the remaining zinc silicate did not influence the

measurements.

Results from the Mössbauer spectroscopy did not

show any systematic trends in the composition of the

oxide film regardless of the waterjetting parameters

and tool. Only differences in the oxide thicknesses

were observed on the initial state, i.e., the steel surface

covered with a zinc-rich primer or blasted steel Sa 21⁄2. 

Condensation Test
A condensation test at 40 C was performed on steel

samples with the different surface preparations in

order to evaluate the rate of rust formation. As de-

scribed in the experimental section, the influence of

waterjetting pressure and equipment was assessed

on two initial surface states, Sa 21⁄2 with or without

zinc shop primer. On Fig. 4, the evolution of the per-

centage of red rust is plotted as a function of expo-

sure time in the condensation test. From the results,

it may be observed that abrasive blasted steel 

(Sa 21⁄2) panels further cleaned or not cleaned with

UHP waterjetting are more sensitive to red rust for-

mation than similar steel samples initially covered
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Fig. 4: Extent of red rust on steel panels with different surface preparation as a function of exposure
time in condensation test at 40 C. Sa: Initial state : Sa: Sa21⁄2; Zn: zinc shop primer coat; 

hydroblasting with a robot (R) or a hand held gun (G). 
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with a zinc shop primer and subsequently cleaned by UHP waterjetting. These results are in agree-

ment with the presence of zinc remaining on the waterjetted steel surface that was initially covered with

the zinc shop primer. The presence of a small amount of zinc delayed the formation of red oxidation

during the first stage of exposure. 

A slight effect of the waterjetting pressure may be observed on abrasive blasted surface after 72

hours of testing, where the extent of red rust increases in the following order: Sa_R_3000 <

Sa_R_2800 < Sa_R_2560 < Sa.  The extent of red rust was about 80% on steel cleaned at 3000 bar,

while rust covered more than 95% of the initial abrasive blasted state. 

On surfaces initially covered with a zinc shop primer and further waterjetted, the extent of red rust

ranged between 60 and 70% of the surface. A slight influence from the water pressure may be noticed,

again in quite good agreement with the amount of remaining zinc (Fig. 2). It is likely that additional ex-

posure in the condensation test would result in full coverage of red rust if the remaining zinc had been

completely consumed.

Conclusions
The aims of the study were to characterize the surfaces of abrasive blasted steel (Sa 21⁄2), zinc-rich

shop-primed steel surfaces after UHP waterjetting (as in new construction), in terms of surface rough-

ness and cleanliness. The influence of cleaning parameters such as flow pressure between 2560 and

3000 bar for the waterjetting tool, e.g., a hand held gun or robot, was examined. The results were com-

pared with conventional grit-blasted surfaces as initial states.

From the results, the following conclusions may be drawn.  

• No significant effect of the UHP waterjetting tool (hand-held gun or robot) and water pressure be-

tween 2560 to 3000 bar on the surface profile was observed. Typical roughness parameters were

measured on Sa 21⁄2 steel surface while a slightly lower Ra was found after hydroblasting of zinc-rich

shop primer-coated steel panels. 

• Whatever the parameters of waterjetting (hand-held gun or robot, water pressure from 2560 and

3000 bar) applied on zinc-rich shop primer-coated steel, traces of zinc and silica were found on the

steel surface. The same observation was also found after conventional abrasive blasting. In addition, a

mixed oxide type FeX2O4 (X= Zn, Si) was detected using Mössbauer spectroscopy, again regardless

of the waterjetting parameters selected in the present study. It is, however, not known whether traces

of zinc may affect further coating performance. 

• As expected, the presence of zinc remaining on waterjetted steel delayed the formation of red oxida-

tion, as observed in a condensation test. About 70% of UHP-treated samples initially covered with a

zinc-rich shop primer were rusted while red rust covered 100% of UHP-treated abrasive blasted panels.
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How Coatings Perform over 
Waterjetting in New Construction

New
Construction

n the naval industry, especially for new construction, conventional surface preparation by
abrasive cleaning is becoming more and more costly because of environmental regulations
that require collection and disposal of the spent abrasive and paint debris.

Surface preparation processes influence the performance and lifetime of coating sys-
tems applied to steel substrates. Thus, the state of the steel surface immediately before

painting is crucial. The main factors influencing the performance are the presence of rust and
mill scale; surface contaminants including dust, salts and grease; and surface profile. For aggres-
sive environments such as marine atmospheres of C5M corrosivity category and high-perfor-
mance coatings that require cleaner and/or rougher surfaces, blast cleaning is often preferred
(see ISO 8501-1 or SSPC-VIS 1). It is well known that surface preparation using abrasive clean-
ing in particular can produce a considerable amount of waste, mainly containing blasting media,
paint debris, and rust products. 

Editor’s Note: This article appeared in JPCL
in September 2011.  “Performance of Paint
Sysems after UHP,” was first published in
Protective Coatings Europe (PCE), July-Sep-
tember 2011, pp. 24-29. It is the second arti-
cle the authors have published on their
research findings about the use of UHP water-
jetting in new ship construction. The first part,
“Characterisation of Surfaces after UHP (Ultra
High Pressure) Waterjetting of Shop Primer
Coated Steel Substrates for New Construction
in the Naval Sector,” also was first published
in PCE, April-June 2011, pp. 16-21, and then
in the May 2011 JPCL.
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By Philippe Le Calvé,
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Jean-Pierre Pautasso, 
Direction Générale de l’Armement, France;

Nathalie Le Bozec, 
French Corrosion Institute



It is desirable to replace abrasive blasting with a
technique that creates less waste in the environment.
Among the alternative methods, UHP waterjetting
appears to be the most promising one.

Ultra high-pressure (UHP) waterjetting may be a
promising strategy for surface preparation as long as
the performance of the coatings on steel structures is
not adversely affected. UHP waterjetting technology
has been described intensively in previous papers,1-3

and the surface quality of steel substrates prepared
by UHP waterjetting has been characterized in terms
such as flash rust, salt contaminants, and surface
roughness. The influence of these characteristics on
coating performance, as studied with accelerated cor-
rosion tests and field exposures, has been reported.4-6

UHP waterjetting has become widely used for
maintenance; there are, however, some questions
about the use of this technique for new construction.
The questions arise about the durability of com-
monly used paint systems on a new state of surface
preparation.

Against this background, a project was initiated
with the aims of increasing the knowledge about coat-
ing systems for highly corrosive marine atmospheres
and, in particular, of assessing the performance of
UHP waterjetting as a method of secondary surface
preparation compared to the traditional abrasive
blasting of zinc-rich shop primer coated steel. The first
part of this study, reported previously in PCE and
JPCL,7 focused on the characterization of surfaces
after UHP waterjetting of a shop primed steel surface. 

This article reports on the performance of com-
monly used paint systems for the protection of ship
exterior topsides applied on zinc shop-primed steel
after abrasive cleaning (Sa21⁄2 of ISO 8501-1) and
after UHP waterjetting (DHP4 of NF T35-520).  The
article describes the condition of seven paint systems
after salt spray test, artificial cycling test, and natural
ageing at a site qualified for a C5M corrosivity cate-
gory. In addition, the two artificial tests are compared.

Experimental

Samples 
Steel panels (DH36, commonly used in naval constructions) were prepared with different surface
preparations to represent different practical cases that may be found on a structure. As shown in
Table 1, the steel panels (100 x 175 mm) were abrasive blasted (metallic abrasives) to grade Sa21⁄2 and
coated with a zinc-rich shop primer (zinc silicate, 10-15 µm) as initial conditions. Further surface
preparation consisted of robotic UHP waterjetting. Table 2 gives details on the UHP waterjetting to get
a degree of cleanliness of DHP4 according to NF T35-520 and a flash rust level less than OF1 as de-
fined in the same standard. More details on the surface properties may be found in reference.8

Table 1: Description of the steel samples 

Reference T1 T2

Type of steel DH36 DH36

Initial state Blasted to Sa2½ Blasted to Sa2½ (mix grit and shot) 
and shop primed and shop primed

Surface Blasting to Sa2½ Waterjetting (cf. table 2)
preparation (ISO 8501-1) Medium 

Grit (ISO 8503-1)

Roughness (Ra) 10 - 12 µm 7 µm
After UHP 
cleaning

Table 2: Description of UHP waterjetting using a robot

Parameters Robot

Degree of cleanliness according to NF T35-520 DHP4

Level of flash rusting according to NF T35-520 <OF1

Pressure of cleaning 2730 bar 

Water flow 34 liter/min 

Material Rotating water jet head with  
10 nozzles

Angle of cleaning 90 degrees

Conductivity of water 400 µS/cm 

Distance of jet from surface Between 20 and 30 mm

Table 3: Coating category and thickness applied on steel substrates

Paint label Category of protection Dry film thickness,
Barrier Cathodic (Zn) Inhibiting µm

P1 X 340

P2 X 400

P3 X 340

P4 X 450

P5 X 350

P6 X 350

R X 240

40



As shown in Table 3, seven commercial paint systems for new construction—identified as P1, P2,
P3, P4, P5, P6, and R—were selected to represent the three main corrosion protection mechanisms of
coatings: the barrier effect, the galvanic effect, and the inhibiting effect. The coatings were also selected
based on knowledge of their behavior in marine field exposure. Among the selections was one refer-
ence paint system (R), of known performance (data from field exposure and from accelerated ageing in
lab tests and in service). R is composed of a vinyl epoxy primer coat (100 µm), a vinyl epoxy interme-
diate layer (80 µm), and a silicone alkyd topcoat (2 x 30 µm). The primer had a corrosion inhibitor.

The painted samples were conditioned for three weeks (under laboratory conditions, i.e., at 20-25 C
and 55% relative humidity, or RH) before being exposed in accelerated corrosion tests and at a natural
weathering site. Before exposure, a 100 x 0.5 mm vertical scribe, parallel to the longest side of the
panel, of was applied to each panel using the same scribing tool equipped with a rectangular blade 0.5
mm wide. Two duplicate samples were exposed in the different testing conditions.

Accelerated Corrosion 
Test and Field Exposure
Corrosion performance of the different paint systems and their surface preparation was determined
in the laboratory by cyclic ageing resistance in accordance with a modified version of ISO 20340 (Fig. 1)
for 25 weeks, i.e., 4,200 hours. Details on the development of the test may be found elsewhere.5 In ad-
dition, the samples were exposed in a neutral salt spray test according to ISO 9227 for 1,440 hours. 

Outdoor exposure was carried out at the marine site of Brest Saint Anne, which is classified as cor-
rosivity category C5M for steel according to ISO 9223. Two duplicate samples of each system were
exposed at 45 degrees facing south for a minimum of four years with intermediate annual evaluations.

Day 1 Day 2 Day 3 Day 4 Day 5 Day 6 Day 7

UV/Condensation Neutral Salt Spray Test Ambient Low
Temperature

ISO 11507 NaCl 1wt% - 35°C 22°C, 55%RH -20°C

Fig. 1: Basic artificial weathering cycle used in this study5

Table 4: Assessment of the test panels as defined for this study

Criteria                Standard         Thresholds of acceptance established Remarks
after the weathering cycle (ISO 20340)

Defects before and ISO 4628-2 0 (S0) Comparison with the 
after weathering ISO 4628-3 Ri 0 reference on Sa2½

Delamination- corrosion • Mx < 3 mm for zinc-primed coating system Comparison with the
from the scribe line ISO 4628-8 • Mx < 8 mm for non-zinc-primed coating system reference on Sa2½

Minimum pull off test value:
Adhesion before – 3 MPa for zinc primed coating system
artificial weathering ISO 4624 – 4 MPa for non zinc primed coating system
test C5M No adhesive failure between the substrate and 

the first coat unless pull-off values ≥ 5 MPa 

Adhesion after Minimum pull off test value = 50% initial value
artificial weathering ISO 4624 with a minimum value of 2 MPa
test C5M  No adhesive failure between the substrate and  

the first coat unless pull-off values ≥ 5 MPa

41



Evaluation
Visual Examination

The evaluation of the coating degradation was performed according with the ISO 4628 series of stan-
dards, in particular ISO 4628-2 for blistering, ISO 4628-3 for rusting and ISO 4628-8 for scribe creep.
The degree of flaking, cracking, and chalking was also evaluated when such defects were detected. In-
termediate evaluations were conducted during the accelerated corrosion tests as well as in marine ex-
posure.

Based on Hochmannova’s works,9 a parameter representing the main paint defects, called anticor-
rosive effect (AE), was calculated using the following equation: 

AE = (BD+SD+2RD)/4 (1)

Where:

BD is the blistering degree in accordance with ISO 4628-2 (density),

SD is the scribe delamination (in mm) in accordance with ISO 4628-8,

RD is the rust degree in accordance with ISO 4628-3. For Ri0, RD=0 while for Ri5, RD = 5. 

In the present study, the scribe delamination corresponds to the maximum scribe creep, minus the
scribe width, divided by 2.

An anticorrosive effect (AE) with a low value characterizes a good performance of the coating while
high values indicate poor behaviour. 

Adhesion Testing by Pull-Off

The adhesion pull-off strength was determined according to ISO 4624 with a Posi-Test AT-M on the test
samples before artificial ageing, at the mid-cycle (2100 hours) and after completion of the test (4200 h).
Thus, one replicate was withdrawn at mid-test. 

Assessment–Requirements 

For accelerated corrosion tests, the assessment of the panels prepared by UHP waterjetting was
conducted according to the acceptance requirements defined in ISO 20340 (Table 4) and compared to
the performance of the reference system (R) after abrasive blasting (T1).

However, the ultimate test remains the performance of coating systems in comparison to the refer-
ence coating after natural weathering in highly corrosive marine atmospheres.

Results

Salt Spray Test
Most of the coated systems presented no defects on the overall surface,
e.g., no rusting or blistering after 1,440 hours of exposure in the salt spray
test, except paint systems P6, which showed blistering level 3S2 and 4S2
for abrasive blasted and waterjetted surfaces, respectively. Paint system
P3T1 also showed some red rust (Ri). However, creep from the scribe line
was observed to a variable extent, depending on the coating system (Fig. 2).
The largest scribe creep was found on coating system P1 with more than 8
mm, while less than 1 mm of delamination was measured on system P2,
despite both having the same mode of protection, i.e., cathodic because of a
zinc-rich primer. For the other paint systems, the scribe creep ranged be-
tween 2 and 4 mm with insignificant differences between abrasive blast-
ing and UHP waterjetting preparation. In general, similar behavior was
observed regardless of the surface preparation, e.g., blasted Sa21⁄2 or UHP
treated, despite a surface state slightly different in terms of roughness Ra
(See Table 1). The anti-corrosive effect (AE) presented in Table 5 was
mainly based on the delamination from the scribe line because only one
system showed damage other than scribe creep. Nevertheless, this param-
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Fig. 2: Effect on surface preparation on scribe
creep for different coating systems after 1440h 
of salt spray test
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eter is interesting because it summarizes in one value the main defects
usually observed on painted steel in service. Similar observations as those
drawn for the scribe creep may be observed. Except for paint systems in-
cluding zinc-rich primers, the anticorrosive effect was very similar, apart
from a higher AE for system P6 because of the presence of blisters.

Excluding coating systems with a zinc-rich primer, the results high-
lighted the poor ability of the salt spray in discriminating between differ-
ent paint systems. This finding is in agreement with previous works. 5, 10

Cyclic Corrosion Test
Similar paint inspections were carried out after finishing the 4,200 hours
of exposure in the cyclic corrosion test, and the anti-corrosive effect was
calculated. The results are presented in Table 6. The coating systems P1
and P2 with zinc-rich primers performed particularly well after the cyclic
corrosion test. Only scribe creep was observed as a defect. For system P1,
comparable results were observed on abrasive blasted and UHP-treated
surfaces while a poorer behavior was observed on UHP waterjetted pan-
els for system P2. 

The AE was significantly more important for all the other paint systems
using either barrier or inhibiting primers. Indeed, in addition to scribe
creep, blistering and rusting were also observed on some of the systems.
Regarding the influence of surface preparation, similar performances were
noticed on systems P5 and P6 (barrier primers) and the reference paint R
(inhibitive primer). Concerning paint systems P3 and P4, both containing
an inhibiting primer, UHP-treated panels were slightly more affected than
the abrasive blasted ones. It is interesting to note that, contrary to the salt
spray test, the present cyclic corrosion test is able to rank the different
paint systems placing both paint systems using a cathodic primer as the
best systems. This was not true after the salt spray test.

Adhesion was investigated by pull-off testing according to ISO 4624.
All paint systems satisfied the qualification criteria, showing adhesion
strengths above 5 MPa and less than 50% of reduction in the adhesion
strength after the accelerated corrosion test. One exception was observed
for paint system P1 applied on UHP-treated samples, where an adhesive
fracture was found. For the other paint systems and for both surface
preparations, mixed cohesive and adhesive fractures were detected before
and after the accelerated test. In general, the effect of the surface prepara-
tion on the adhesion strength is not significant. This can be seen when con-
sidering the mean value of the adhesion strength for each surface
preparation (Table 7). 

Outdoor Exposure in Marine Atmosphere C5M
As indicated in the experimental section, all samples were exposed in an
outdoor marine atmosphere of C5M corrosivity category for steel, for a
minimum of 4 years. The first inspection of the samples, conducted after
12 months of exposure, revealed delamination from the scribe line on
some coatings systems. Nevertheless, the anticorrosion effect was calcu-
lated to compare it with data from the laboratory. The AE from the 12
months of outdoor exposure is summarized in Table 8. From the results,
no visual defects were observed on coating systems P1, P2 and P5 while
moderate delamination was found on paint systems P6 and R for both sur-
face preparations. Concerning coating systems P3 and P4, more damage
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Surface preparation
Paint system T1 T2

Blasting Sa2 ½ UHP waterjetting

P1 2.7 2.0

P2 0.1 0.1

P3 0.7 1.3

P4 0.9 0.8

P5 0.8 0.6

P6 1.5 1.2

R 0.8 0.8

Mean 1.1±0.8 1.0±0.6

Table 5: Anticorrosive effect (AE) after 1440 h 
of salt spray test: influence of surface preparation 
given in Table 1. 

Surface preparation

Paint system T1 T2
Blasting Sa2 ½ UHP waterjetting

P1 0.5 0.8

P2 0.5 2.8

P3 4.8 5.5

P4 5.1 6.8

P5 2.5 2.3

P6 4.0 4.0

R 3.8 3.8

Mean 3.0±1.9 3.7±2.0

Table 6: Anticorrosive effect (AE) after 4200 h 
of cyclic corrosion test: influence of surface
preparation given in Table 1

Table 7: Pull-off test values after 4200 h of cyclic
corrosion test. (T1: Sa2½, T2: UHP treated)*: 
adhesive fracture

Pull-off test value, MPa
After ageing (Cycle C5-M)

Paint system T1 T2

P1 7.7±3.0 4.5±1.3*

P2 10.0±3.7 10.4±3.0

P3 7.2±1.1 13.6±0.6

P4 15.7±1.1 12.6±0.4

P5 12.2±3.2 10.3±1.1

P6 10.4±1.9 11.7±2.6

R 12.8±1.9 13.0±2.8

Mean 10.9±3.0 10.9±3.0



was found on UHP treated samples in comparison to blasted ones at least
after 12 months of exposure. However, the development of paint degrada-
tion should be examined after a longer exposure duration. It should be
mentioned that defects were already observed after 6 months of expo-
sure on paint systems P3 and P4, which reflects the poor performance of
these paint systems.

The product ranking in terms of performance after 12 months of out-
door exposure was compared to that obtained after artificial ageing in the
neutral salt spray test and in the cyclic corrosion test (Table 9). The rank-
ing was made by comparing the anticorrosion effect. The results indicate
comparable ranking between field exposure and the cyclic corrosion test
while the salt spray test definitely gives a different classification of the
coating systems. As an example, coating system P1 was the poorest after
the salt spray test, while it shows very good performance in the field after
12 months. These observations are in agreement with previous work.5,10-11

They should, however, be consolidated with results from longer outdoor
exposures, as is indeed scheduled in the present work.  

From the first results of the present study, UHP waterjetting seems to
be a rather promising technique for secondary steel surface preparation in
new construction. UHP waterjetting generally induces a notable reduction
of soluble salts, contaminants, and dust at the steel surface because of an
effective water flow. The water from UHP waterjetting can enter pores
and pits and sweep the contaminants away. The level of cleanliness is thus

better than that obtained on blasted steel. De-
spite a slightly different surface state in terms
of roughness, no significant differences were
observed in the performance of the coatings
applied. From a study aiming to characterize
steel surface after UHP waterjetting of zinc
primer-coated steel, it was shown that with
water pressure between 2,560 and 3,000 bar,
and regardless of the waterjetting tool (gun or
robot), traces of the zinc shop primer were al-
ways detected on such steel surfaces.8 Simi-
larly, traces of zinc on steel were also
measured after abrasive blasting the zinc shop
primer. From the results obtained in the pres-
ent work, the presence of remaining zinc on

steel substrate does not seem to affect the performance of the coating. 
This study highlights the need to adapt and improve the standardization

related to surface preparation by UHP waterjetting for new construction.
Most of the existing standards address surface preparation of painted
steel for maintenance. Among standards related to UHP waterjetting, ini-
tial conditions involving zinc shop primers are defined in ISO 8501-4 (con-
ditions PRZ) and SSPC-VIS 4/NACE VIS7 (condition F, zinc-rich paint
applied over blast cleaned steel). More details are needed, however, to help
the operators and the project manager to be able to require a guarantee of
the result. 

UHP waterjetting is becoming more widely used for maintenance, but
there are some questions on the use of this technique for new construc-
tion. Questions arise specifically about the influence of surface roughness,
which is known to be a key parameter affecting the adhesion of the coat-
ing and thus its durability. In particular, it is known that UHP waterjetting
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Table 9: Material ranking after cyclic corrosion test (4200 h), salt spray 
test (1440 h), and 12 months of outdoor exposure in marine atmosphere

Cyclic corrosion test Salt spray test Outdoor
Paint system 4200h 1440h 12 months

P1 1 7 1

P2 2 1 1

P3 6 3 6

P4 7 5 7

P5 3 2 1

P6 5 6 5

R 4 3 4

Surface preparation

Paint system T1 T2
Blasting Sa2 ½ UHP waterjetting

P1 0 0

P2 0 0.0

P3 0.3 (1.3) 3.4 (13.5)

P4 1.2 (4.9) 3.0 (12)

P5 0 0

P6 0.9 (3.9) 0.3 (1.1)

R 0.3 (1.3) 0.2 (0.8)

Table 8: Anticorrosive effect (AE) after 12 months 
of outdoor exposure in marine atmosphere C5M: 
influence of surface preparation given in Table 1. 
The scribe creep is given in brackets.



is not efficient in eliminating mill scale, which limits the use of the tech-
nique. Thus, in addition to classical abrasive blasting, the surface prepara-
tion with waterjetting may be an alternative, but more work is needed to
validate this new use of the technique.1

Other aspects related to real structures have to be carefully considered,
such as the effect of waterjetting on welded areas and further coating
performance. Research on these and other aspects is still in progress at
this writing. Additional results will be available later.

Conclusions 

The aims of the study were to assess the performance of different coat-
ing systems applied on UHP waterjetted zinc-rich shop primer coated
steel, as secondary surface preparation in new construction. The results
were compared with traditional abrasive blasted surfaces (Sa21⁄2.) Two
accelerated corrosion tests (a neutral salt spray test and a cyclic corro-
sion test based on C5M corrosivity) were carried out in order to evalu-
ate the performance of the coatings. The results were compared to field
data obtained on a natural ageing site qualified for a C5M corrosivity
category.

UHP waterjetting seems to be a promising technique in new con-
struction for secondary surface preparation of steel with a zinc-rich
shop primer, and the technique gives comparable behavior to tradi-
tional abrasive blasted surfaces. Despite a slight difference in roughness
and the presence of traces of zinc remaining (at a similar level as that
with abrasive cleaning), the performance of the coatings does not seem
to be significantly affected. 

The results also indicated quite similar material rankings between
field exposure and the cyclic corrosion test, while the salt spray test
definitely gave a different classification of the paint systems, confirm-
ing previous results.

Other aspects related to real structures have to be carefully consid-
ered such as the effect of hydroblasting on welded areas and longer
term coating performance. This work was still in progress when writing
the paper, and will be reported later.
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