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Introduction 
 
The Milwaukee Mitchell International Airport (MKE) parking structure located at 5300 S 
Howell Ave in Milwaukee, Wisconsin consists of three different construction phases: the 
original structure constructed in 1977, the west addition constructed in 1989 and the north 
addition constructed in 2002.  Figure 1 shows the general location of the MKE parking 
garage.  The original structure utilizes precast and cast-in-place concrete construction 
together with unbonded monostand post-tensioning (PT) in the slabs and bonded PT in the 
beams.  The west addition and the north addition utilize cast-in-place concrete construction 
together with unbonded monostrand post-tensioning (PT) in slabs and beams.  In the recent 
years, the original portion of the parking structure has experienced failures of the PT 
tendons and has undergone several cycles of patch repairs.   
 

 
Figure 1: General Location of the MKE Parking Garage 

 
The unbonded monostand PT strand is protected from corrosion by grease that 
encapsulates the PT tendon within a plastic sheath.  However, water and chlorides can get 
into the plastic sheath, either from the anchorages or from cracks along the sheath.  This 
will create an environment along the PT strand that is favorable for corrosion activity to 
occur.   
 
The concern with bonded PT is primarily in the grouting of the ducts conducted after 
tensioning.  Throughout the United States voids and soft grout problems have been found 
within PT ducts due to improper/ineffective grouting.  These grouting defects often create 
environments within the ducts that are favorable to the corrosion of the high strength steel 
strands.   
 
Milwaukee County issued a Request for Proposal (RFP) to conduct a condition assessment 
of the parking structure and provide them with an asset management plan.  Simpson 
Gumpertz & Heger (SGH) reached out to Vector Corrosion Services (VCS) to assist in 
testing of the unbonded and bonded PT.  The VCS scope of work consisted of post-tech 
corrosion evaluation (PTCE) of the unbonded PT tendons to assess their risk of corrosion, 
corrosion potential testing of the unbonded PT anchorages and impact echo testing of the 
bonded PT to identify locations of voids and soft grout. 
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Test Methods & Results 
 
This section describes the methods used by VCS for the condition assessment of the 
parking garage along with the results from these methods.  A detailed discussion regarding 
each result is provided along with conclusions.   
 
Ground Penetrating Radar Survey 
 
Ground penetrating radar (GPR) is a fast and effective way of identifying the location and 
depth of metal objects within reinforced concrete.  Steel reinforcement can be easily 
identified in a GPR scan due to the significant difference in the electromagnetic properties 
of steel and concrete.  As a result, the location and depth of steel elements (i.e. cover-depth) 
in concrete can be determined accurately and efficiently.  GPR was used to locate the 
unbonded and bonded PT tendons in the slab and beams for testing (Figure 2).  VCS used 
the GPR to layout the location of the tendons so that the appropriate test method could be 
conducted along the tendons.   
 

 
Figure 2: Tendon Profile along the Beam in the 1977 Structure Located with GPR  

 
Unbonded PT Testing 
 
Electrical Continuity 
 
Electrical continuity of the reinforcement is necessary for possible future corrosion mitigation 
by cathodic protection.  In most cast-in-place reinforced concrete structures conventional 
reinforcement is electrically continuous due to the process of tying crossing bars with steel 
wires.  However, in PT structures, due to the plastic sheath, the PT is not always electrically 
continuous with the conventional reinforcing.  Electrical continuity is verified by contacting 
various steel elements with the lead wires from a high impedance multi-meter using the DC 
millivolts and/or resistance settings.  As per ACI 222R-19 Standard Section 5.3.1.6, if the 
potential difference between the reinforcing elements is less than one (1) mV, then the 
reinforcing steel is deemed electrically continuous.   
 
Electrical continuity of the north-south (N-S) unbonded PT reinforcement was measured in 
each phase of the parking garage.  The unbonded PT tendons were determined to be 
electrically continuous in the original structure constructed in 1977 and in the west addition 

tendon profile marks 
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constructed in 1989.  The unbonded PT was found to be electrically isolated in the north 
addition constructed in 2002.  This is not surprising as the north addition utilized epoxy-
coated reinforcement, which would provide electrical isolation between the tendons.  The 
1977 structure utilized black steel reinforcement, while the 1989 west addition used epoxy-
coated reinforcement in the top mat of the slabs and black steel reinforcement in the bottom 
mat.   
 
This small-scale testing identified electrical discontinuity of the PT in the north addition.  If 
CP is to be implemented on the structure, then widespread continuity testing during 
construction will be required. This is a standard practice during the installation of all CP 
systems.   
 
Anchorage Inspection 
 
Condition of the anchorages was assessed in 4 areas identified by SGH.  Two areas (#1 
and #2) were located in the 1989 structure, and two areas (#3 and #4) were located in the 
2002 structure.  The locations of the tested anchorages are shown in Figure 3 through 
Figure 6. 
 

 
Figure 3:  Area #1 Location, 3rd Level of the 1989 Structure 

 

 
Figure 4:  Area #2 Location, 4th Level of the 1989 Structure 
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Figure 5:  Area #3 Location, 2nd Level of the 2002 Structure 

 

 
Figure 6:  Area #4 Location, 3rd Level of the 2002 Structure 

 
Since the unbonded PT was electrically continuous in the 1989 structure, condition of the 
anchorages in areas #1 and #2 were assessed nondestructively using the corrosion 
potential survey test method.  An electrical connection was made to one of the anchorages 
and connected to a positive terminal of a volt-meter.  The negative terminal was connected 
to a copper/copper sulfate (CSE) reference electrode which was placed on the concrete 
surface.  The reference electrode was moved along the concrete surface and the potential 
is recorded at each location.  The recorded potentials were then related to the risk of 
corrosion the interpretation values provided in ASTM C876 Standard Test Method for 
Corrosion Potentials of Uncoated Reinforcing Steel in Concrete.   
   
A generally accepted interpretation of normalized CSE measurements provided in the 
appendix of ASTM C876 is shown in Table 1 and Figure 7.  It is important to understand 
that the interpretation values provided in ASTM C876 are a general guideline based on 
values normalized to 72 degrees Fahrenheit and are not absolute values.  The threshold 
values can shift based on the concentration of moisture and oxygen in the concrete, as well 
as other environmental factors like temperature.   
 

Table 1: ASTM C876 Interpretation of Data 
Corrosion Potential Probability of Active Corrosion 

< -350 mV 90% 
- 350 mV to -200 mV Uncertain 

> −200 mV 10% 
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Figure 7: Corrosion Potential Survey Scale for Color Maps 

 
Area #1 was located along CL W1 from CL T to CL S in the 3rd level slab.  Generally, the 
grout pockets of the slab anchorages in area #1 appeared to be in good condition (Figure 
8), and corrosion potential testing showed that the anchorages in this area were in the 
uncertain range for the probability of active corrosion (Figure 9).  Visual inspection of the 
anchorages along CL W1 at all levels indicated that the slab anchorages were in much 
better condition compared to the beam anchorages, where cracking of the grout pockets 
and grease leaking through the cracks was observed.  Some of the grout pockets in the 
slab tendons were observed to have leaking grease as well (Figure 10).   
 

 
 

Figure 8:  Grout Pockets in Area #1 
 

 
 

Figure 9:  Corrosion Potential Survey of the Anchorages in Area #1 
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Figure 10: Cracking around Grout Pockets, Grease Leaking through the Cracks along W1 

 
Area #2 was located along CL W9 from CL T to CL U in the 4th level slab.  Corrosion potential 
testing indicated that the anchorages were either at 90% probability of active corrosion or 
in the uncertain range (Figure 11).  Condition of the anchorages in this area could not be 
observed very clearly by visual inspection.  However, multiple grout pockets with leaking 
grease were observed on all levels along CL W9 between CL U and U.7 (Figure 12). 
 

 
 

Figure 11:  Corrosion Potential Survey of the Anchorages in Area #2 
 

 
Figure 12:  Grout Pockets along W9, Level 4, Area #2 

 
Since unbonded PT was found to be electrically isolated in the 2002 structure, it was not 
possible to perform corrosion potential testing of all the anchorages in areas #3 and #4 like 
in areas #1 and #2.  Therefore, a direct connection was made to two PT tendons in each 
area to measure the corrosion potential of each anchorage.  Area #3 was located on the 2nd 
level along CL QQ between CL 4.1 and 5, and area #4 was located on the 3rd level along 

grease 
grease 

grease 
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CL QQ between CL 1.1 and 2.  In each area, one anchorage with corrosion staining was 
selected for testing.  In area #3, an anchorage with grease leaking through the grout pocket 
was also selected, and in area #4 an anchorage with signs of moisture infiltration was 
selected.  These anchorages were labeled as anchorage #1 though #4 for ease of 
reference, and the results are shown in Figure 13 and Figure 14.  Both anchorages with 
corrosion staining were at 90% probability of active corrosion, which the two anchorages 
with leaking grease and signs of water infiltration were at 90% probability of passive steel.  
The purpose of grout pockets is to seal the tendons, preventing the ingress of moisture and 
aggressive ions that can initiate corrosion.  Cracks in the grout pockets provide a path for 
moisture and aggressive ions to reach the anchorages and tendons.  Even though the risk 
of corrosion potential for anchorages #1 and #3 is low at the present time, these anchorages 
are expected to start corroding in the future due to the cracking of the grout pockets and 
moisture infiltration. 
 

  
Figure 13:  Grout Pockets of Anchorages Tested in Area #3 

 

  
Figure 14:  Grout Pockets of Anchorages Tested in Area #4 

 
In addition, VCS visually inspected the grout pockets of the beams and columns in the 2002 
structure along CL W1, 1.1, 2.9, 4.1, 6.1 and 8.1.  Similar to the 1989 structure, grout 
pockets in the beams showed wide-spread cracking and signs of leaking grease, while the 
slab grout pockets appeared to be in better condition.  Figure 15 shows a typical view of the 
grout pockets in the slab and beams in the 2002 structure. 
 

-114 mV 
-471 mV 

-35 mV 
-351 mV 

Anchorage #1 Anchorage #2 

Anchorage #3 Anchorage #4 
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Figure 15:  Grout Pockets in the 2002 Structure 

 
Post-Tech Corrosion Evaluation of Unbonded Post-Tensioning 
 
The Post-Tech Corrosion Evaluation (PTCE) method was implemented to evaluate the 
potential risk for corrosion of the unbonded PT tendons.  The PTCE method determines 
how much moisture is present along the tendon thus allowing VCS to identify the risk of 
corrosion activity.  The PTCE testing system requires that the PT tendons be accessed at 
a minimum of two locations to permit sampling of the PT tendon environment.  The moisture 
content of the air within the PT tendons is evaluated by controlled injection of -40°C dew 
point dry gas at an “IN” port and measuring the moisture content of the gas at a distant 
“OUT” port.  The “IN” and “OUT” ports are located along the length of each tendon and 
installed by carefully drilling a hole into the cover concrete to reach the PT.  A valve is then 
installed into the concrete port that allows for a connection to the dry gas tank.  At the “OUT” 
port, another valve is installed so that a temperature and relative humidity sensor can be 
connected inline.  The air expelled from the “OUT” port is measured and recorded.  The 
moisture content of the tendon air is then calculated and the tendon is graded for corrosion 
probability using the PTCE formulas.  Table 2 provides the three-point grading system that 
reflects the potential for corrosion of the tendon at the time of testing. 
 
If bulk water is encountered, PTCE testing is not performed as the presence of liquid water 
reflects a high potential for corrosion at the water-to-air interface inside the tendon.  These 
wet tendons are then noted as “visibly wet” in the data and assigned a relative humidity 
(RH) value of 100% (MC=1.0).  None of tendons were observed to have bulk water at MKE 
parking garage. 
 

Table 2: Post-Tech CE Classifications 

Moisture Content 
(kg H2O/kg air) 

Exterior – Not Climate Controlled 

Description Corrosion Risk 

MC ≤ 0.003 Dry Low 

0.003 < MC < 0.007 Dry/Wet Moderate 

MC ≥ 0.007 
 

Wet High 

 
If the plastic sheathing around the PT tendon is continuous and there is no air loss through 
cracks or voids in the concrete, this test can be performed along the full length of the 
tendons.  However, due to the large amount of honeycombing and cracking observed in the 

grease 
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slab underside and beams, the spacing between the “IN” and “OUT” ports were generally 
limited to 10-20 ft.   
 
A total of 29 tendons were accessed, 6 beam (26%) and 23 slab (73%) tendons.  Of the 29 
PTCE tested locations, air flow could not be established in 11 slab tendons (38% of the total 
number of tested tendons).  Air flow was established in 100% of the tested beam tendons 
and 48% of the tested slab tendons.  The no air flow condition is most likely due to air 
escaping due to cracks or breaks along the plastic sheath. 
 
The PTCE test results are presented in Table 3 through Table 5.  Testing generally focused 
on the 3rd and 6th levels of the garage and locations identified by SGH based on visual 
inspection.  The 3rd level is the reported by the owner to be the most used level, while the 
6th level is the top level and is directly exposed to the elements.  No significant difference in 
the moisture condition of the tendons was observed between different garage levels.   
 

Table 3: PTCE Moisture Testing Locations for the N-S Tendons in the Original Structure 

Test 
# 

Element Level Location 
Temperature 

(⁰C) 

Relative 
Humidity 

(%) 
1 

Slab 

4 

CL 8-9 and CL A-B 21.4 52.52 

2 CL 8-9 and CL A-C NF -- 

3 CL 8-9 and CL B-C NF -- 

4 6 CL 11-12 and CL R-Q NF -- 

5 

3 

CL 8-10 and CL H-G 22.26 27.32 

6 CL 8-10 and CL H-G 22.26 33.80 

7 CL 11-12 and CL J-K 22.39 57.39 

8 CL 11-12 and CL H-G 22.40 68.34 
NF = no air flow 
 

Table 4: PTCE Moisture Testing Locations for the N-S Tendons in the West Addition  
Test 

# 
Element Level Location 

Temperature 
(⁰C) 

Relative 
Humidity (%) 

1 
Beam 6 

CL W7-W9 and CL W 20.28 52.02 

2 CL W7-W9 and CL V 20.15 17.52 

3 

Slab 

4 

CL W7-W9 and CL D-E 20.27 69.47 

4 CL W7-W9 and CL D-E NF -- 

5 CL W6-W7 and CL D-E NF -- 

6 CL W5-W7 and CL D-E NF -- 

7 CL W5-W6 and CL D-E NF -- 

8 

6 

CL W4-W5 and CL A-B NF -- 

9 CL W3-W4 and CL B-C NF -- 

10 CL W3-W4 and CL A-B NF -- 

11 

3 

CL W7-W9 and CL G-H 22.60 71.7 

12 CL W6-W7 and CL C-D 22.58 29.41 

13 CL W6-W7 and CL C-D 22.61 58.31 

14 CL W5-W6 and CL A-B 22.72 59.20 
NF = no air flow 
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Table 5: PTCE Moisture Testing Locations for the N-S Tendons in the North Addition 
Test 

# 
Element Level Location 

Temperature 
(⁰C) 

Relative 
Humidity (%) 

1 

Beam 
6 

CL W1-W2 and CL LL 26.29 73.88 

2 CL W1-W2 and CL KK 25.96 20.37 

3 CL 1.1-2 and CL GG 26.44 24.00 

4 3 CL 8.1-10.1 and CL CC 22.55 57.69 

5 

Slab 6 

CL W2-W3 and CL QQ-PP 25.53 48.03 

6 CL 1.1-2 and CL GG-HH 26.62 18.00 

7 CL 1.1-2 and CL QQ-PP NF -- 
NF = no air flow 
 
Figure 16 and Figure 17 provide the distribution of the individual moisture test results for the 
beam and slab tendons, respectively, and statistical analysis of the data is presented in 
Table 6.  Almost all the tested tendons were identified to be either in the wet condition (38% 
overall) or in the dry/wet condition (21% overall), and only 1 tendon was in the dry condition.  
Tendon classification as wet, dry/wet or dry is a function of the testing temperature and 
relates the amount of observed moisture to corrosion risk.  As the temperature decreases, 
the amount of moisture required for a high risk of corrosion increases as well.  It should be 
noted that testing was conducted on July 12-16, 2021, when ambient temperatures were in 
the 17-29⁰C range.  As the ambient temperatures decrease in the winter months, several 
the tendons that are expected to move from the dry/wet to the dry classification and several 
of the wet tendons are expected to move to the dry/wet classification. 
 

  
Figure 16:  PTCE Moisture Testing Results for Beam Tendons 
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Figure 17:  PTCE Moisture Testing Results for Slab Tendons 

 
Table 6: Statistical Analysis of the PTCE Testing Results 

Element Phase 
Qty. of 

Tendons 
Exposed 

Qty. of 
Tendons 
with No 

Flow 

Qty. of 
Tendons 
Tested 
under 

CE Grade 1 
“Dry” 

Qty. of 
Tendons 
Tested 
under 

CE Grade 2 
“Dry/Wet” 

Qty. of 
Tendons 
Tested 
under 

CE Grade 3 
“Wet” 

Beam 1989 2 0 1 0 1 
 2002 4 0 0 2 2 

Overall Beams 6 0 (0%) 1 (17%) 2 (33%) 3 (50%) 
Slab 1977 8 3 0 2 3 

 1989 12 7 0 1 4 
 2002 3 1 0 1 1 
Overall Slabs 15 8 (53%) 0 (0%) 2 (13%) 5 (33%) 

Overall  29 11 (38%) 1 (3%) 6 (21%) 11 (38%) 

 
Openings 
 
In addition to moisture testing, VCS identified four areas for openings to visually inspect the 
condition of the unbonded PT tendons.  Opening #1 was located in the 1977 structure in 
the underside of the 3rd level slab between CL 10-12 and CL F-G in an area showing signs 
of leaking (Figure 18).  The N-S tendon appeared to be in good condition and the sheathing 
was full of grease (Figure 19).  Tension was checked by attempting to drive a screwdriver 
between the individual wires of the west tendon.  If the tendon is under tension, then the 
screwdriver should not be able to fit between the wires.  If tension is lost, then the 
screwdriver will be able to fit between the wires.  The screwdriver was unable to fit between 
the wires indicating that tendon is under tension. 
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Figure 18: Opening #1 General View 

 

 
Figure 19: N-S Tendon in Opening #1 

 
Opening #2 was located in the 1977 structure in the underside of the 6th level slab between 
CL 1-2 and CL Y-Z.  The opening was performed along a diagonal crack with signs of 
leaking, efflorescence, rust staining and incipient concrete spalling (Figure 20).  The N-S 
tendon exposed in this opening was corroded, although no severed wires were observed.  
The screwdriver test performed on the tendon indicated that it was still under tension.  It is 
important to note that if corrosion is severe enough it can block the screwdriver from 
wedging between the strands, even in a de-tensioned strand. 
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Figure 20: Opening #2 Location 

 
 

 
Figure 21: N-S Tendons in Opening #2 

 
Opening #3 was located in the 1989 structure in the underside of the 6th level slab between 
CL W4-W5 and CL D-E.  The opening was performed along a crack showing signs of water 
infiltration, efflorescence and corrosion staining (Figure 22).  Two N-S tendons were 
exposed in this opening.  The tendons appeared to be in good condition and the sheathing 
was full of grease (Figure 23).  The screwdriver test performed on the tendons indicated 
that they were under tension. 
 

 
Figure 22: Opening #3 Location 
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Figure 23: N-S Tendons in Opening #3 

 
Opening #4 was located in 2002 structure in the underside of the 3rd level slab between CL 
W2-W3 and CL B-C along a crack with efflorescence (Figure 24).  Two tendons exposed in 
this opening were in good condition, and the sheathing was full of grease (Figure 25).  The 
screwdriver test performed on the tendons indicated that they were under tension. 
 

 
Figure 24: Opening #4 Location 

 

 
Figure 25: N-S Tendons in Opening #4 

 



 

16 

Bonded PT Testing 
 
Impact Echo 
 
Impact Echo (IE) is a non-destructive method used to identify delamination, cracking, and 
voids in concrete through the application of stress waves imparted to the concrete. IE 
implements an array of four sensors (Figure 26) with an energy input device (Figure 27).  
The principal criterion for evaluating the tendon ducts is the resonant frequency value of the 
concrete element.  The resonant frequency of a free-free faced element (wall face to wall 
face) in its simplest form is given by: 

𝑓 =                                       Equation 1 

 
where f is the resonant frequency, V is the velocity of the sonic/ultrasonic wave in concrete, 
and T is the thickness of the element. 
 

 
Figure 26: Impact Echo Sensor Array 

 

 
Figure 27: Impact Echo Source 

 
To generate a resonant frequency in a concrete element, energy is imparted with a projectile 
impact that creates a compressional wave, which propagates through the concrete 
thickness and is reflected back through the concrete from the back-wall surface. This energy 
is trapped between the two surfaces and resonates at a frequency that is a function of the 
compressional wave velocity and the concrete thickness.  The sensor array is comprised of 
four piezometric devices that record the imparted compression wave (Figure 26).  When the 
thickness and the compressional wave velocity remain constant, which is the normal 
condition for a fully grouted duct, the resonant frequency is directly related to the thickness 
of the slab/beam (Figure 29). When anomalies such as soft grout or air voids are 
encountered along the wave path (typical velocities – soft grout 4,000 ft/sec; air 1,000 ft/sec; 
concrete 14,000 ft/sec), it results in a longer travel path because the sonic ray path is 
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diffracted around the anomaly (Figure 29).  This results in the resonant frequency being 
significantly lower or missing.  
 

 
Figure 28: Sonic Wave paths for fully grouted and void ducts 

 

 
Figure 29: Loss of Fundamental Thickness Frequency due to Diffraction of an IE Compression 

Wave 
 
A total of 4 beams in the 3rd level slab and 6 beams in the 6th level slab were tested in the 
1977 structure for a total of 500 lineal ft of bonded PT tendon.  The locations of the tested 
beams are listed in Table 7 and Figure 30.   
 

Table 7: Locations of the Beams Tested with IE 
Level Location 

6 

CL J between CL 4-6 
CL K between CL 1-3 

CL N between CL 10-12 
CL Q between CL 12-14 
CL Q between CL 10-12 
CL Q between CL 8-10 

3 

CL P between CL 10-12 
CL R between CL 10-12 
CL R between CL 8-10 
CL S between CL 8-10 
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bonded PT beams in the 3rd level tested with IT 

bonded PT beams in the 6th level tested with IT 
Figure 30:  Locations of the Beams Tested with IE 

 
GPR was used to locate the tendon profile along the length of each tested beam.  Stationing 
was then marked along the length of the tendon profile at 1 ft increments with the zero-
station located at the east end of each beam.  The IE measurements were collected at every 
station.  Only four potential defects were identified in all the tested beams.  Three of these 
locations were investigated by performing small openings, and one location was 
investigated by performing a large opening. 
 
Small Tendon Openings 
 
Small ¾ inch openings were made in the tendon ducts to allow for borescope inspections 
where the presence of potential defects was identified by IE measurements.  All the 
openings were made in the 6th level beams.  The 1st opening was located at between 
stations 45-46 in a beam along CL K between CL 1-3.  A small rind void was observed in 
this opening.  Rind voids are small voids caused by the shrinking of the grout from the inner 
duct surface.  These voids are innocuous as they do not expose the tendons to a corrosive 
environment.  However, if water is entering the duct from the exterior this void can provide 
a space for water to collect.  Corrosion product was observed on the exterior and interior 
surfaces of the duct, and corrosion staining was clearly visible on the grout surface (Figure 
31).  No voids were observed in the openings in the beams along CL Q between CL 8-10 
and along CL Q between CL 12-14. 
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Figure 31: Small Opening in the Beam along CL K between CL 1-3 

 
Large Tendon Opening 
 
One large opening was made along the bottom drape of the tendon in the beam along CL 
J between CL 4-6 at a large crack at the bottom of the beam (Figure 32).  Despite the 
corrosion staining at the crack, the rebar in front of the duct was observed to be in good 
condition with no visible corrosion (Figure 33).  Some corrosion was observed on the 
exterior of the duct.   
 

 
Figure 32: Crack at the Bottom of the Beam along CL J between CL 4-6 

 

 
Figure 33:  Opening in the Beam along CL J between CL 4-6 

 
VCS opened the duct and removed some of the grout to expose the stand for visual 
inspection.  The grout was placed in a sample bag and delivered to SGH for laboratory 

duct 

grout 

grout 
corrosion 

staining  duct 
corrosion  
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analysis.  After removing the grout, VCS observed that the tendon consisted of individual 
wires rather than a 7-wire strand (Figure 34).  A note on page S-12 of the original drawings 
for the 1977 structure states that “P/T fabricator if desires can use ¼” dia. 240 ksi bonded 
wires in lieu of ½” dia. tendons” (Figure 35).  It appears that wires were uses instead of 
strand.   
 
Corrosion was observed on the interior of the duct and some isolated surface corrosion was 
observed on the wires, although the wires generally appear to be in good condition.  The 
cracking the bottom of the beam does not appear to be due to rebar corrosion or tendon 
corrosion. 
 

 
Figure 34:  Opening in the Beam along CL J between CL 4-6 Showing Exposed Wires 

 

 
Figure 35:  Note on Page S-12 of the Original Drawings for the 1977 Structure 

 
Conclusions 

 
PTCE moisture testing indicated that the unbonded PT tendons in all phases are at risk for 
corrosion.  No significant difference in relative humidity inside the tendon sheathing was 
observed between the different construction phases, although it should be noted that these 
conclusions are based on a limited number of tested tendons.   
 
Most of the tested beams with unbonded PT showed the presence of moisture in the 
tendons.  The moisture is likely entering the beams through the anchorages.   Cracking of 
the grout pockets, grease leaking through the cracks and signs of moisture ingress were 
commonly observed in the beam grout pockets in the 1989 and 2002 structures.  Some 
defects were observed for the slab grout pockets, although they were generally not as 
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widespread in the slabs as in the beams. Corrosion potential testing of the anchorages in 
the 1989 structure slabs showed that most of the tested anchorages are at an uncertain risk 
for corrosion, although some were at 90% probability of active corrosion.  In the 2002 
structure, anchorages with corrosion staining were at 90% probability of active corrosion, 
while anchorages with leaking grease and water staining were still passive.  Visual 
observation of the tendon condition inside the openings showed that majority of the tendons 
were in good condition and the sheathing was full of grease.  The only exception was one 
tendon in the 6th level slab of the 1977 structure in an area of significant concrete 
deterioration, which was corroded and had no grease in the sheathing. 
 
Based on the results of this work, it is expected that there is widespread moisture intrusion 
into the unbonded PT tendons throughout all phases of the MKE parking garage.  Although 
no tendon failures were observed at the present time, if left unaddressed, the presence of 
moisture will lead to corrosion of the unbonded PT and tendon failures in the future. 
 
Impact echo testing of the bonded PT did not identify the presence of significant grouting 
defects.   Potential presence of defects was identified in 3 locations out of 500 lineal ft of 
tested tendons.  Inspection of drilled openings at these locations revealed the presence of 
a rind void at one location, while no voids or soft grout were observed at the other two 
locations.  The void was not large enough to expose the tendon, which as a result, does not 
put the PT at risk for corrosion.  A large opening of the PT duct at a crack location showed 
that the PT was generally in good condition with minor surface corrosion.   
  

Recommendations 
 
The following provides recommendations for the PT reinforcement rehabilitation of the MKE 
parking garage.  It should be noted that these recommendations should be incorporated 
into a comprehensive rehabilitation program that also should include repair of the 
conventional and prestressed reinforcement and of the existing concrete. 
 
Anchorages 
 
Due to the wide-spread defects observed in the grout caps, it is recommended to remove 
all the cracked grout caps and grout caps with leaking grease or signs of moisture infiltration 
and clean the exposed steel in the grout pockets.  Then the anchorages should be covered 
with plastic caps to seal them from water infiltration and the pockets should be regrouted.  
After that, waterproofing should be applied to all the anchorages to prevent further water 
infiltration into the tendons.  
 
Waterproofing 
 
Based on the amount of moisture found in the tendons, it is recommended to install a 
waterproofing membrane and replace the expansion joints on all levels, starting with the 6th 
level.  Limiting the amount of moisture penetrating the concrete and PT would have a 
significant impact on persevering the garage’s remaining service life.  Without effective 
waterproofing, moisture and deicing chemicals will continue to attack the PT and cause 
more deterioration. 
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PT Drying 
 
For tendons that have moisture infiltration but are still in good condition, PT drying should 
be considered.  However, it should be noted that if there are discontinuities or damage of 
the sheathing along the tendon length that allows air to escape, drying of the tendons can 
become challenging.  PT drying involves passing the dry air through the tendon length, like 
with the PTCE process, until the PT tendons reach the dry range.  By drying the moisture 
out of the tendons, the risk for corrosion activity decreases.  If the tendons structurally are 
still in good condition, this can be a very effective way to mitigate corrosion.  The difficulty 
is in passing the dry air the full length of the PT tendons.  The PTCE testing was only done 
at a spacing of 10-20 ft due to the presence of cracking and honeycombing.  Pushing dry 
air, the full length of the PT may or may not be feasible and will require several ports along 
the length of each tendon.  If feasible, this method is very low impact to the operation of the 
garage.   PT drying should be accompanied by widespread waterproofing of the garage to 
prevent water from re-entering the tendons. 
 
The cost of PT drying will depend on the number of tendons that are dried at one time.  The 
estimated cost for budgeting purposes is $1,200 per tendon if at least 100 tendons are dried 
at one time.  If tendon quantity is increased to 300 tendons, the cost can be reduced to 
$1,100 per tendon. 
 
Regreasing 
 
The PT tendons are protected by grease inside the sheathing.  If PT drying is conducted, 
after that process is complete the tendons can be regreased to provide improved corrosion 
protection.    However, as in the drying process, regreasing would need to be done over the 
whole tendon length.  The grease will help to prevent moisture from reaching the strands.    
Regreasing uses the same access ports as PT drying, so it is a seamless process when 
combined with drying. 
 
PT drying and regreasing will not repair the tendon wire from any damage that has been 
already caused by corrosion.  It will only help to stop or prevent corrosion, not repair section 
loss that has already occurred.  
 
The cost of regreasing is estimated at $250 per tendon. 
 
Thank you for the opportunity to work with you on this project and if you have any questions, 
please don’t hesitate to contact me directly. 
 
Sincerely, 
 

 
 
Natallia Shanahan, Ph.D., NACE CP-2 
Engineer III 
Vector Corrosion Services 
natallias@VCServices.com 
Office (813) 501-0050 
Mobile (813) 460-1346 
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Introduction 
 
This report presents the findings of a visual review of the façade and stair structures at the Milwaukee Airport 
Parking Garage. This is part of a larger condition assessment and asset management plan for the entire parking 
garage that will be used for planning purposes. 
 
The façade was last reviewed in detail in 2018 during the City of Milwaukee Critical Façade Examination. The 
author of this report also performed that examination. The façade portions of this report used the results of that 
examination as a base line condition of the garage in 2018.  
 
This assessment was performed from the ground around the exterior of the building using binoculars and from the 
parking garage levels around the perimeter of the interior. A close-up examination of the exterior was not 
performed, nor was any invasive exploration or in-depth inspection work performed. The visual assessment work 
was performed on July 13, 14 and 15, 2021. 
 
As this report will be used as a supplement to the larger condition assessment and asset management plan, it has 
been assumed that the reader will be familiar with the layout and basic history of the parking garage.  
 
This report also provides ratings for importance, condition, timeframe, and probability of failure for the systems 
reviewed. Those ratings are discussed at the end of this report.  

Executive Summary 
 

While the majority of façade and stair elements in the parking garage are in good condition, there are some 
systems that have reached the end of their expected lives and should be addressed. The report discusses each 
of the systems and findings; this summary provides a list of the most important of these findings. 
 
The following is a list of findings outlined in this report that will have the most impact either on public safety or on 
longevity of the structural systems. These are not presented in any particular order.  

• Damage to precast panel supports 
• Cracks and spalls in concrete frame 
• Loose and delaminating concrete patches 
• Deteriorated sealant joints 
• Deteriorated expansion joints 
• Missing or loose nuts on supplemental precast connections in 1977 garage 
• Loose or corroding cable railing systems 
• Corroding steel supports at walkway roof 
• Exposed rebar in concrete 
• Corroding steel connections in Stairs 2 and 4 
• Steel toe-kick plates buckled in Stairs 8, 10 and 12 creating potential trip hazards 

We recommend that this report and the 2018 façade examination report be reviewed in full to develop a list of 
items to be repaired. The ratings found in the Appendices of this report can be used to assist in prioritizing those 
repairs. These findings should be used in conjunction with the rest of the assessment team’s findings when 

creating an asset management plan for the parking garage.  
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Façade Descriptions 
 
The 1977 section of the garage has exposed aggregate spandrels that are cast in place with the garage structure. 
It also has exposed aggregate precast panels and cable railings. (Photo 1) 
 
The precast panels in this 1977 section have carbon steel connections that are covered with grout. During a 
façade examination in 2012, some of these connections were exhibiting cracks and rust staining on the grout 
surrounding the panel supports. At that time, supplemental supports were added at all conditions similar to those 
that were deteriorating. (Photos 2 and 3) 
 
The 1989 and 2002 sections of the garage both have precast panels and cable railings. (Photos 4 and 5)  
 
The entry and exit helix ramps have bent metal pipes with a plastic covered metal fabric over them. (Photo 6) 
 
The 2002 additions to the garage included a center walkway that serve as a connection to the skybridge to the 
terminal. These areas have curtain wall finishes, a concrete base structure, and a steel roof structure (Photo 7). A 
series of painted metal fins are attached to the façade in these areas as well as a portion of the west elevation 
between the helixes (Photo 8). 
 
There were previously metal screens attached to the garage, but they were recently removed as part of a 
replacement project. 
 
 

 
Photo 1: 1977 Section – Partial South Elevation 
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Photo 2: 1977 Section – Supplemental Connection at Precast Panel 

 

 

 
Photo 3: 1977 Section – Supplemental Connection at Precast Panel 
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Photo 4: 1989 Section – Partial West Elevation 

 

 
Photo 5: 2002 Section – Partial Northeast Elevation 
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Photo 6: Helix Ramp 

 

 
Photo 7: 2002 Walkway 
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Photo 8: 2002 Addition Metal Fins 
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Façade Conditions 
 

The majority of the façade elements reviewed during this study were reviewed in 2018 during the City of 
Milwaukee Façade Examination. Rather than repeat that information here, the following is an update of those 
conditions. With only a few exceptions that are noted below, there was not a significant change in the conditions 
seen in 2021 compared to those conditions in 2018. 
 
Items indicated as “Not specifically reviewed by MCE during this assessment” are items that were reviewed by 

other members of the team during this 2021 assessment. 
 
After the update of those conditions, other conditions found during this 2021 review will be discussed. These are 
not necessarily new conditions, but rather items covered in this study but not part of the typical City of Milwaukee 
Façade Examination report. 
 
2018 Façade Examination Report Summary and Update 
 

Condition Name Update 

#1 Corrosion of Metal Screens Screens are being replaced with a new system 

#2 Corrosion of Metal Fenestrations No significant change 

#3 Loose or Missing Curtain Wall 
Caps 

No significant change – these caps were on the 
stair towers and are discussed more in the stair 
section of this report 

#4 Corrosion of Precast Panel 
Supports 

No change – this was an item included for 
information, not for repair 

#5 Spalls on Decorative Precast 
Panels 

More spalls were noted in 2021 than 2018. This 
may be due to better visual access after the 
metal screens were removed 

#6 Damage to Precast Panel Supports More damaged supports were noted during this 
2021 review. This is likely due to additional 
impact damage during snow removal. Some 
supports were noted with corrosion as well.  

#7 Cracks and Spalls in Concrete 
Frame 

No significant change 

#8 Loose Post-Tension Tendon Plugs Not specifically reviewed by MCE during this 
assessment 
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#9 Loose and Delaminating Concrete 
Patches 

Two additional locations with loose spalls were 
noted and reported to MKE Engineering 

#10 Deteriorated Sealant Joints More areas of deteriorated sealant joints were 
found in 2021 than 2018. This condition is 
worsening with time, as expected. 

#11 Deteriorated Expansion Joints No significant change 

#12 Damaged Concrete - in snow chute No significant change  

#13 Deteriorated Window Sealants No significant change – these sealant joints 
were on the stair towers. 

#14 Failed Post Tensioning Tendon Not specifically reviewed by MCE during this 
assessment 

#15 Missing or Loose Nuts on 
Supplemental Precast Connection 

More locations with loose nuts were noted 
during this 2021 review. A few locations were 
also noted where the bolts and washers were 
smaller than appropriate for the holes in the 
steel supports. See Photo 9. 

#16 Concrete Spalls and Cracks at 
Base of Wall 

This condition was located on the car rental 
facility which was not in the scope of this 2021 
review 

#17 Loose Bolt on Metal Panel 
Connection 

This was on a metal screen that has been 
removed 

#18 Embed Plate Corrosion No significant change 

#19 Missing Metal Wall Panel This metal wall panel is still missing. Additional 
panels are damaged and missing at the curved 
portions of the southwest corner. See Photo 10. 

#20 Concrete Cracks and Spalls at 
Post Tension Ends 

Not specifically reviewed by MCE during this 
assessment 

#21 Corrosion on Hangers in Atrium No significant change 

#22 Peeling Paint on Metal Fins No significant change 

#23 Gaps at Stand Out Precast 
Supports 

No movement of panels due to this condition 
was noted during this review. 
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Photo 9: Bolt too small for hole in supplemental connection 

 

 

 
Photo 10: Metal panels missing at SW corner of garage 
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Condition #24: Crack in Precast Panel 

 
Description:  One precast panel on the east elevation has a crack in the top surface. This is in the 1977 
section of the garage on level 5, just north of stair 11. There is also a supplemental connection at this 
panel that has a bent bolt. It is possible that this panel and connection were hit by a vehicle which caused 
some damage. This does not appear to be a structural concern at this time; however, water entering the 
crack could cause increasing damage if left un-repaired. 
 
Repair Recommendations:  Inject the crack in the panel with epoxy. This should be performed within 1 
year. 

 
Photo 11: Cracked precast panel 

 

 
Photo 12: Bent bolt in connection 
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Condition #25:  Exposed Rebar in Concrete 
 

Description:  Small areas of rebar are exposed and beginning to corrode. This is happening in isolated 
locations around the garage, but are particularly present in the 6th level of the 1977 section of the garage. 
 
Repair Recommendations:  Clean and prime the rebar and patch the concrete. This is likely to be a 
recurring issue with this garage due to the rebar in these areas being placed close to the concrete 
surface. A protective coating could be applied to areas of concrete with this issue to help protect the 
structure. This would need to be coordinated with the traffic bearing membrane in many areas. This 
should be performed within 2 years. 
 

 

 
Photo 13: Exposed rebar 
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Condition #26:  Loose Railing Cables 
 

Description:  Throughout all garage areas, there are isolated instances of railing cables that are loose. 
We estimate that fewer than 5% of all of the cables in the garage are loose, so this is not a widespread 
condition. 
 
Repair Recommendations:  Tighten and reattach loose cables within the next year. 
 

 

 
Photo 14: Loose Cable Railings 
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Condition #27:  Cable Railing Connections 
 

Description:  The steel plate connections that support the cable railings have corrosion. In the 2002 and 
1989 sections, the corrosion is minor. In the 1977 section, the corrosion is more prevalent and some of 
the cable end connections have corrosion.   
 

Repair Recommendations:  Clean and paint corroding steel elements with a zinc-rich paint. Perform an 
invasive investigation of the corroded end connections to determine if they can be refurbished or need to 
be replaced. The corroded end connections should be investigated in the next year. The other work 
should be performed in the next 5 years. 
 
 

 
Photo 15: Light rust on 1989 section connection 
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Photo 16: Moderate rust on 1977 section connection 

 

 
Photo 17: Rusted connection in 1977 section 
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Condition #28:  Corroding Railing Cables 
 

Description:  There are some locations where the bottom cable in the railing system has been cast into a 
concrete curb. This occurs only along the south wall of the 2002 north addition. At some of these 
locations, the cable is corroding. This is not a widespread condition. 
 
Repair Recommendations:  Perform a code review of the bottom cable to determine whether it is 
needed at these locations. The presence of the curb may render the bottom cable obsolete. If protection 
is needed there, consider a slab mounted barrier or an extended curb. In the meantime, this condition can 
be monitored to see if the corrosion worsens. 
 

 

 
Photo 18: Cable cast into concrete curb and rusting 
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Condition #29:  Corroding Railings at Ground Level 
 

Description:  The steel frame “railings” at the ground level of the 2002 section have significant amounts 

of corrosion. A few of these frames also have base plates and bolts that were modified during slab-on-
grade work and appear to be unfinished. These do not provide a structural life-safety function in the 
garage since they are at the ground level.  
 
Repair Recommendations:  Clean and paint the frames when corrosion is minor or moderate. In 
locations where the corrosion is severe, the frame will likely need to be replaced. This work can be 
performed at any time, but it is anticipated that the frames will continue to corrode. 
 

 

 
Photo 19: General corrosion at ground level railings 
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Photo 20: Severe corrosion at a base plate 

 

 
Photo 21: Baseplate modifications incomplete at new slab pour 
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Condition #30:  Peeling Paint at Metal Railing 
 

Description:  The metal railing at the southwest corner’s 3rd level has peeling paint. There is no other 
visible deterioration at this railing, so this is currently an aesthetic concern only.  
 
Repair Recommendations:  Repaint railing. This is aesthetic and can be done at any time. 
 

 

 
Photo 22: Peeling paint at metal railing 
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