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ABSTRACT 
 
Cracking, corrosion of post tensioning cables and tilting of columns were observed in a structure marked for 
renovation. Additionally, a separation of suspended precast panels from the supporting concrete beams was 
observed along with concrete spalling. Interior and exterior finishes made the detection of major deficiencies 
nearly impossible. The repairs to the structure included the installation of a structural concrete wrap around the 
beams and reinforcing across crack openings. A new water proofing membrane and concrete topping were 
installed on top of the precast panel slab. A Structural Health Monitoring (SHM) system was installed to monitor 
the hollow core suspended slab system. The sensors measure column tilt, panel differential movement, concrete 
relative humidity and reinforcing steel half-cell potential. The sensors are battery powered with a minimum life 
expectancy of 20 years. Sensors are discretely mounted behind various interior finishes such as drop ceilings 
and drywall. An onsite data logger receives data from the sensors and transmits packets of data through the 
wireless cellular network to an offsite data storage server. The server can be accessed via the internet from 
anywhere in the world. The data obtained from the system is used to analyze the behavior of the structure. The 
data has shown that column tilt is related to thermal fluctuations of the structure. An alert system along with a 
novel table reporting system was created to simplify the inherent complex SHM data and identify abnormal 
structure behavior. This project is an example of how structural health monitoring can be used to validate the 
effectiveness of repair methods and damage hypotheses. When water penetration or concrete spalling is 
observed, a full investigation is warranted to determine the cause as it was shown here that structural cracking 
may be concealed. 
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INTRODUCTION & STRUCTURAL DESCRIPTION 
 
A parkade structure adjacent to a mall on Vancouver Island, British Columbia, Canada recently underwent a 
conversion to retail space. The renovation was of an existing suspended precast hollow core slab / reinforced 
concrete beam system which was originally constructed circa 1980. The structure is a two storey parkade 
consisting of a slab on grade and one suspended slab level a portion of which was over retail space. The 
structure is approximately 49m x 104m with the supporting beams orientated in the long direction (figure 1).  
 
During the renovation, a significant structural crack was discovered in the slab system at the beam interface. An 
investigation was initiated to determine the cause of the crack and to develop remedial measures. The consulting 
team agreed that long term structural health monitoring of the structure was necessary to test hypotheses of the 
damage mechanism and to evaluate the performance of the repairs.  
  
The suspended slab precast panels are 200 mm in thickness in the short spans, and 300 mm in thickness in the 
long spans. The precast panels have a 50 mm bonded structural topping. The topping was overlaid by a 
waterproofing membrane, sloped rigid insulation and a non-bonded concrete driving surface. Figure 2 shows a 
section of the original construction. The north and south half of the structure is separated by an isolation joint. 
The three centre bays typically have ~8.8 m spans and the two exterior bays have ~10.4 m and ~11. 6 m spans. 
The height of the second level is ~ 5.5 m. 
 
The intent of the renovation was to convert the lower northern half of the parkade into retail space and to replace 
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the 2nd level membrane and concrete driving surface. 
 

 
Figure 1. Isometric view of the parkade structure 

 

 
Figure 2. Section of original beam / precast panel construction 

 
OBSERVATIONS 
 
Prior to the renovation it was reported that pieces of concrete had fallen from the bottom side of the suspended 
slab through the suspended t-bar ceiling into tenanted space. It was reportedly determined that the loose concrete 
was from the sides of cast-in-place beams as shown in figure 3. To stop this fall hazard dimensional lumber was 
reportedly installed along the edge of the beams at the locations where concrete had become loose and secured 
to prevent concrete from falling.  
 
It was reported that water ingress was an ongoing issue with the structure prior to the renovation. The extent of 
the water ingress is not known. 
 



 

Previous engineering inspections reported that corrosion of the post tensioning cables within the cast-in-place 
concrete beams had occurred. Structural steel columns were installed at mid-span of some beams as a temporary 
measure to provide additional support, until structural upgrading of the beams could be designed and 
implemented. The structural upgrading of the beams was completed in 2011 as phase 1 of the renovation project. 
This included a concrete wrap on the sides and soffit of the post tensioned beams to address the issue of 
decreased beam capacity due to the corroded post tension cables. The wrap was typically 200 mm thick and 
heavily reinforced. The concrete wrap also provided an additional 200 mm of bearing for the hollow core 
panels. 
  

 
Figure 3. Observed panel displacements and bearing surface damage  

 
The second phase of the renovation project included installation of a new waterproofing system on the top deck 
of the parkade structure. To access the existing membrane, the concrete driving surface above the insulation 
layer was removed. The membrane was installed on the concrete topping layer which was bonded directly to the 
suspended precast panels and the tops of the supporting beams (see figure 5). 
 
During the membrane removal, cracks were observed in the bonded concrete topping. The cracks were typically 
orientated along the beams near the end of the precast panels. Typical crack widths ranged from 1-2 mm. A 
larger separation of the hollow core from the beam of 35 mm was observed along one beam line. The large crack 
was similar to the typical cracking as it was orientated along the beams at the end of the precast panels; however 
the crack width was much greater as shown in figure 3 and 4. The crack extended along the entire length of the 
south section of the structure (approximately 57m). The 35 mm horizontal separation was accompanied by a 
vertical displacement of 15 mm (as shown in figure 3). The magnitude of the horizontal and vertical 
displacement was largest at the crack mid-length and the ends of the crack were closed (1-2mm). It is important 
to note that the exposed concrete driving surface over the cracks showed no signs of distress as shown in figure 
4a. This hidden damage could have had severe consequences. 
 
The vertical displacement indicated that precast panels had dropped. It was presumed that the precast panels 
were sliding off and down the beam bearing surface as shown in figure 3; however this could not be confirmed 
as the installation of the new concrete beam wrap shown in figure 5 was completed.  



 

          
  (a) Hidden structural crack below driving surface       (b) Crack after removal of topping 

Figure 4. View of structural damage from original parking surface. Cartoon lines inserted to represent the 
location of the beam and pre cast panels 

 
The magnitude of the horizontal and vertical displacement suggested abnormal structure movement. The 
subsequent investigation included a survey to check the columns for horizontal displacement along the beam 
lines adjacent to the crack. The survey reported that columns along the beam line below and adjacent to the 
crack were out of plumb and tilting away from the structure as much as 18mm in ~5.5m of height.  
 

 
Figure 5. Section of the beam and precast panel system following renovation 

 
As part of the repair the bonded topping adjacent to the crack was removed. The topping was approximately 50 
mm thick and contained a 300 mm x 300 mm weld-wire-mesh (WWM) reinforcing. A joint in the WWM was 
observed directly in line with the end of the precast panel and the crack. The splice appeared deficient as the 
overlap was ~100 mm. Rust was present on the exposed portions of the WWM and locations were observed 
where the WWM had slipped out of topping concrete on the opposite side of the crack. No other connection 
detail between the precast panels and the beams was observed. This connection type is described in the PCI 
Manual for the Design of hollow Core Slabs as relying on friction to transfer nominal forces (Buettner and 
Becker, 1998). 
 



 

The original concrete driving surface topping was approximately 75 mm thick and unreinforced. The topping 
had regularly spaced control joints however no expansion joints. The ends of the slab on the east and west sides 
of the parking deck (parallel to the beam lines) did not have allowance for expansion and there appears to have 
been direct contact between the concrete topping and concrete of the exterior beam lines. Therefore any 
expansion of the concrete driving surface would have exerted a lateral force into the structure. 
 
STRUCTURAL REPAIR 
 
The issue of corroded post tension cables was addressed with the new concrete wrap as shown in figure 5. The 
wrap provided additional load bearing capacity to account for the compromised post-tension cables. The wrap 
also provided an unintended solution for the separation which had formed between the precast panels and the 
beam line. As a result, no corrective measures were implemented to attempt to close the crack separation. 
Similarly, the columns which were observed to be tilting were also not corrected.   
 
In order to re-establish the connection of the bonded topping across the crack, the topping was removed on both 
sides of the crack, new welded wire mesh was installed and a new bonded topping was placed over the precast 
hollow core panels and beams. The surface of the existing precast panels and beams were chipped to provide an 
ICRI Surface Profile ranging from 3-6.  
 
New waterproofing membrane and sloped insulation were installed to address the apparent water ingress issues.  
 
MONITORING SYSTEM 
 
The objective of the SHM monitoring system is to monitor the in-situ behaviour of the structure accurately and 
efficiently, in order to detect damage or deterioration. These objectives align with the description of SHM 
objectives provided by Mufti in the guidelines for structural health monitoring (Mufti, 2001). To monitor the 
repairs and test the damage mechanism hypothesis a high accuracy, high reliability, real time, battery powered 
SHM system was selected to monitor building component movements. The system was selected under the 
objective of long service life and reliability. Resensys LLC, Maryland, was capable of providing such devices. 
Sensors were selected to monitor movements and other factors which had been observed previously. The general 
functionality of the SHM is illustrated in figure 6. 
 

 
Figure 6. General system schematic of SHM System 

 
The sensors included: 
 

• Differential movement – It was determined that precast panels had shifted away from the beam and that 
there was no direct structural connection between the panels and the beam (other than the Welded Wire 
Mesh within the bonded topping). A differential movement sensor was installed at each precast panel 
and beam interface in both the north and south sections of the structure (20 total) to determine if 
slippage of the precast panels continues. Figure 7 shows the mounting orientation of the sensors. 

• Tilt – The columns along two beam lines were surveyed and found to be leaning away from the structure. 
Tilt sensors were installed on various columns of 4 beam lines of the north and south sections of the 



 

building (10 total) to determine if rotation at the top of the columns is occurring. 
• Relative humidity – These sensors were installed into drilled cavities in the concrete to measure the 

moisture content of the concrete. The sensors also have temperature sensors which measure internal 
concrete temperature. It is understood that past water ingress had caused the failure of the existing post 
tensioning cables and these sensors were installed to monitor for changes in the concrete moisture. Two 
sensors were installed in the north section and two installed in the south section (4 total). These were 
located in the sides of the concrete beams near the drainage pipes for the 2nd level parkade. 

• Corrosion potential – Achieved using an embedded silver-silver chloride half cell (Borin Stelth 7) 
connected to the reinforcing steel in the concrete. The half cell was installed into the side of the 
concrete beams and was connected to the steel of the new concrete beam wrap. This sensor will provide 
an indication if corrosion of the reinforcing steel has been initiated in the vicinity of the sensor. The 
sensor has been installed in the configuration shown in ASTM C876 (2009). Analysis of probability of 
corrosion will be based on the same standard. 

• Temperature – All of the sensors (differential movement, tilt etc.) also have an internal temperature sensor. 
There are a total of 35 temperature sensors.   
 

The wireless sensors (SenSpot nodes by Resensys LLC) are roughly the size of a small cellular phone and were 
mounted discretely on the sides of the concrete beams and the underside of the precast panels. Sensors 
communicate data readings at 6 minute intervals to an onsite data bridge (Resensys Senimax) using IEEE 
802.15.4 protocol. The Senimax data bridge collects the readings and transits the data through the mobile 
cellular network to a cloud based server, physically located in Vancouver, British Columbia. Like the sensors, 
the data bridge was mounted discretely above a future drop ceiling as shown in figure 7c (adjacent to the light).  
 
The system allows displacement accuracy to 0.1mm, tilt accuracy to 0.0010, temperature to 0.50F and half cell 
potential accuracy to +/- 10 mV. The wireless feature of the sensors allowed for simple and cost efficient 
installation. The offsite server allows the engineer to view and analyze the movement data from anywhere in the 
world over the internet. 
 
Alert functions will allow automatic notification of engineers and operators if movements or tilt readings exceed 
certain threshold values. Since the region where this system is installed is within an active seismic region, 
movement and structural changes caused by seismic activity can be easily recorded. 
 

   
(a) Typical mounting orientation (b) Sensors on mounting brackets (c) Mounted Communication Gateway  

Figure 7. Sensors and Gateway Installed  
 
Monthly reports are provided to the owner which summarizes the observed movements. A green/yellow/grey 
colour rating system was developed to inform the owner in a simplified form as to the nature of the movement. 
Green represents movement within typical range, yellow represent movement outside typical range and grey 
represents insufficient information (see figure 8). This colour rating system will not be initialized (remain grey) 
until a full year of monitoring is complete and the magnitude of the seasonal temperature fluctuations effect on 



 

the structure is more understood. At the one year mark, the data will also be analyzed to determine if ongoing 
movements in the structure have a potential to cause further damage to structural elements. 
 

 
Figure 8. Colour code chart to simplify complex SHM data for client 

 
RESULTS 
 
The monitoring system was commissioned in March of 2013. The data depicted in figures 9 – 12 summarizes 
data from March – July 30th, 2013 at select sensor locations. The displacement and tilt sensors were set to a 
default 0 value for simplicity. Since commissioning the system, movement has been observed at many of the 
sensors in the form of column tilt and panel differential movement.  
 

Table 1. Observed sensor data trends to date 
Sensor Type Trend Discussion 
Displacement Displacement sensors have shown 

differential movement between the 
beams and precast panels. The 
movement fluctuations are between 
-0.1mm and 0.1 mm. 

Additional data is required to determine normal 
system behavior. The accuracy of the 
displacement sensor is 0.1mm however a 
precision of 0.01mm has been used to depict 
possible trends. As such, the data reported may be 
influenced by electrical interferences.  

Tilt Daily cyclic tilting of the columns can 
be observed. The columns have been 
observed to tilt away from the center of 
the structure as a function of external 
ambient temperature. The magnitude of 
the tilt <0.1 degree. 

Additional data is required to determine normal 
system behavior. The correlation between column 
tilt and ambient temperature is strong. 

Relative 
Humidity (RH) 

The internal relative humidity of the 
concrete beam has shown a general 
reduction. A spike in sensor 1C. 

The decrease in relative humidity is likely due to 
drying of the cementitious patching material 
surrounding the probe in the beam. Other 
fluctuations are likely caused by environment 
changes as many of the concrete beams were 
exposed to external ambient conditions. 

Temperature Temperature trends show daily 
fluctuations. 

Temperature data has been plotted with tilt sensor 
data as shown below. A correlation exists between 
the column tilt and external ambient temperature. 

Half Cell 
Potential 

The embedded silver-silver chloride 
half cell has shown a steady shift to 
positive of the voltage signal and 
subsequently in corrosion potential. A 
spike in the data was observed near the 
end of April.  

The decrease in potential likely to due increase in 
temperature and decrease in the moisture content 
of the low resistivity cementitious patching 
material surrounding the probe. A baseline 
reference potential value will be determined once 
a steady state has been achieved. The cause of the 
spike in the mV signal is not known however this 
could be the result of electrical interference. 

 
The corresponding trend plots of the sensors corresponding to table 1 are shown in figures 9 through 12 below.  



 

 
Figure 9. Typical displacement sensor output and external ambient temperature 

 

 
Figure 10. North Section Tilt sensor outputs and external ambient temperature 

 

 
Figure 11. Internal Relative Humidity and external ambient temperature 



 

 
Figure 12. Silver-Silver Chloride Half Cell Potential sensor output and external ambient temperature 

 
DISCUSSION 
 
Thus far, the most defined data is from the tilt sensors, likely due to the high precision of the tilt sensors (0.0010). 
The movement can be compared to temperature at each sensor location as shown in Figure 10. A strong 
correlation can be observed between the tilt sensors and the daily average temperature. In figure 10, Sensor 2B 
in located at the most westerly beam line of the structure and conversely sensor 2D is located at the most 
easterly beam line. A clear trend is presented in which the beam lines are being separated by what appears to be 
ambient thermal fluctuations. More data is required to determine if the columns return to their original positions 
when the average ambient temperature lowers due to seasonal fluctuations. 
  
Differential movement has occurred between the precast panels and cast in place beams. Similar to the tilt, the 
movement appears to correlate to the ambient temperature fluctuation. The magnitude of differential movement 
thus far is in the range of 0.1mm. It is expected that if a similar gross panel movement occurs, it will likely take 
many years of thermal cycling.  
 
Changes have been observed in the internal relative humidity (RH) of the concrete which is likely due to the 
seasonal changes since the commissioning of the system and drying of the surrounding patching material. Also, 
the north half of the structure has been enclosed and the space has been conditioned which also has an influence 
on temperature and humidity. 
 
The corrosion sensor (half cell potential) has shown a steady decrease in potential since commissioning which is 
presumed to be the result of the surrounding cementitious patching material drying and increasing in electrolyte 
resistance (Ping and Beadudoin 1998). Currently, the corrosion potential is -50mV relative to a Silver – Silver 
Chloride reference cell. This value must be shifted by 120 mV (NACE 11100) in order to compare the result to a 
Copper – Copper Sulfate half cell and known ranges of voltage to corrosion potential. 
 
One hypothesis for the damage mechanism was that thermal expansion of the concrete driving surface resulted 
in horizontal forces being applied to the exterior east and west beams. This expansion force caused expansion 
and the associated tilting of the exterior column line. Slippage of the hollow core panels was believed to have 
occurred due to structure expansion which was caused by thermal cycling. This theory is supported by observed 
initial trends in the column tilt data.  
 
However, a consensus by the investigation team and the structural design professionals as to the cause of the 
crack has not been reached at this point. The soil conditions, original construction, thermal stresses and seismic 
activity were all considered. The need for monitoring was a direct result of this inconclusive diagnosis. It was 
generally accepted however that the failure occurred over a number years following original construction. A 
complete understanding of the mechanism which has caused this failure will likely be achieved after many years 
of monitoring.  
 
Yearly thermal cycles of the building movement will be analyzed to determine if the structure returns to its new 
original (post-renovation) position. If the positions of the structural components do not return to the original 



 

position, the monitoring system will be able to determine which sections of the structure are most affected.  
 
CONCLUSION  
 
This paper summarizes a case history of structural damage found in a structure that was undergoing renovation. 
A damage mechanism hypothesis was presented which has not been agreed upon by all parties involved in the 
investigation and remedial design. The installation of the SHM system has given confidence that alerts will be 
triggered if future structural damage of the same nature should occur in the suspended slab / beam system. The 
following bullet points summarize the lessons learned and highlight unique attributes of this project: 
 

1. Thermal stresses have been shown to cause column tilt and panel differential movement within the 
structure. One year of monitoring will be reviewed to determine if this is cyclic movement.    

2. The drop ceilings located in the occupied space below the slab and the ‘floating’ concrete driving 
surface above made detection of the failure difficult. 

3. The connection detail used to connect the hollow core panels to the beams has been observed to be 
susceptible to sliding. It appears that the cohesiveness of this structure relied on overlap of the 
welded wire mesh which was insufficient at the crack location. 

4. This project is an example of how structural health monitoring can be used to validate the 
effectiveness of a reinforced concrete repair project. When finishes restrict regular inspections, 
structural health monitoring provides an efficient and cost effective alternative to manual 
inspections. 

5. When water penetration or concrete spalling is observed, a full investigation is required to 
determine their cause as it was shown here that structural cracking may be concealed. 

6. Structural health monitoring systems are complex and can generate data which can be 
overwhelming to analyze. An alert system along with a novel simplified table reporting system is 
necessary to simplify and convey the inherent complex SHM data and identify abnormal structure 
behavior. 
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