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ABSTRACT: This paper presents a case study of a recent project involving replacement of an
elevated concrete slab in a potash plant with a new slab solely reinforced with glass fiberreinforced polymer (GFRP) reinforcing bars. Unlike steel reinforcing bars, GFRP bars exhibit
nonductile fracture failures and are sensitive to low levels of sustained and cyclic loading. The
new slab design accounted for these effects, including calculation of dynamic/cyclic loads from
operation of the processing equipment supported by the slab. WJE observed construction of the
new concrete slab, reviewed installation of the GFRP bars, and assisted in resolving construction
issues. The vibrational performance of the slab and GFRP bars were verified using state-of-theart dynamic sensors that WJE embedded in the slab.
1
INTRODUCTION
In 2015, Wiss, Janney, Elstner Associates, Inc. (WJE) was tasked with designing a replacement
slab for the Arab Potash Company (APC) in Ghor El Safi, Jordan. APC produces over 2 million
tons of potash a year utilizing a combination of processes. The slab is on the third floor of a fourstory-high steel framed structure that is part of the Carnallite production line (Figure 1). The slab
is 44 m by 15 m in plan and approximately 35 m above the ground. It supports 14 centrifuge
machines that separate solids from brine water. The centrifuges, which operation continuously,
weigh approximately 21,000 pounds each and induce vibrations into the supporting structure. The
centrifuges are supported on steel frames which bear on isolator pads to damp the vibrations
produced during operation of the equipment.
This paper presents a case study of the design and construction of this production floor slab,
including WJE’s field investigation of existing conditions, material selection process, structural
slab design, construction methods, and post-construction monitoring and slab performance.

Figure 1. Existing production slab.

Figure 2. Typical degradation of existing concrete and steel elements.
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INVESTIGATION OF EXISTING CONDITIONS

2.1

Visual Observations

WJE reviewed the configuration and condition of the slab in March 2015. The primary structural
steel framing, including columns, girders, and stringers, were generally observed to be in good
condition, except at areas where direct moisture exposure occurs. Areas exposed to direct
moisture tended to exhibit active corrosion distress, some of which was severe (Figure 2). In some
locations, previous remediation efforts were apparent.
Widespread deterioration was observed in the existing concrete slab. Deterioration manifest as
cracking and spalling of concrete due to corrosion of the embedded reinforcing as well as
degradation of surface paste from chemical attack (Figure 2). Previous full-depth slab repairs were
observed at several locations and were generally performing wall. Some older repairs had begun
to exhibit corrosion distress. In addition, continuing distress in areas adjacent to the new repairs
was observed and was an indication of both the severity of chloride contamination levels in the
concrete and likely occurrence of ring-anode effect.
2.2

Measurement of Structure Vibrations

WJE measured the vibrations imparted into the slab and steel framing during operation of the
centrifuge machines using accelerometer sensors. The measurements indicated that the machines
induce vibrations into the slab at a frequency of approximately 10 Hz.
2.3

Material Exposure

The material exposure of the slab is severe. Unique to the Dead Sea environment, as well as potash
processing in general, are materials and conditions that are detrimental to both steel and concrete
structures. Among the many salt ions found in the waters from the Dead Sea region and potash
ore, chloride and sulfate ions both have detrimental effects on steel and concrete structures.
Processing of the water highly concentrates potassium chloride (K-Cl average concentration of
23 percent), sodium chloride (Na-Cl average concentration of 16 percent), and magnesium
chloride (Mg-Cl2 average concertation of 29 percent) in solution, and exposure of steel to these
chlorides causes significant corrosion. Additionally, soluble sulfates in the water combine with
constituent components of Portland cement and carbonate-based aggregates, causing degradation
of concrete in the form of “sulfate attack.” At such high concentrations, calcium chloride, natrum
chloride, and magnesium chloride cause significant changes in concrete that result in loss of
material and a reduction in stiffness and strength. The damage caused by potassium chloride,

calcium chloride and magnesium chloride appears to be the result of both physical damage, due
to crystal formation in the concrete pores, and chemical changes in the cement paste.
3
3.1

MATERIAL DESIGN
Concrete

WJE collected samples of the aggregates from a local quarry that is in close proximity to the site
and water at the plant, as APC’s original intention was to produce the concrete on-site using a
mobile concrete batch plant factory. The fine aggregate sampled failed to meet gradation
requirements per ASTM C33. Continued search for locally available resources meeting stringent
aggregate requirements revealed the As-Sweimeh quarry that is 45km east of Amman. This quarry
produced high quality aggregates including limestone, marble and silica that met or exceeded all
ASTM requirements for aggregates.
WJE developed several concrete mixes utilizing cement type 5 and cement type 2 with pozzolans,
micro silica, and silica fume capable of resisting sulfate attack. However, we soon discovered that
cement type 5 nor silica fume was not readily available in the area. Instead, we worked with a
local supplier and concrete plant to develop a pumpable concrete mix using locally available
cements and aggregates that was constructible using local concreting and finishing practices. A
45 MPa concrete mix utilizing ordinary Portland cement with micro silica additives was selected
for the new slab.
Since a sulfate-resistant concrete mix could not be developed with local materials, further
protection of the concrete slab was needed. In addition, as part of a regular maintenance, the top
of the slab is cleaned with water pressures exceeding 20 MPa capable of removing adhered
Carnallite product, and, therefore, abrading and weakening the concrete surface. To provide
additional protection against abrasion and magnesium sulfate attack, a 20-mm thick resinous
protective overlay system was specified.
3.2

FRP Bars

Although FRP bars do not corrode like steel, they can deteriorate due to exposure to chemicals,
extreme temperatures, high alkalinity and moisture content of the surrounding concrete, and
extreme loads or conditions. Based upon the specific and very harsh environmental conditions
for this project, only FRP bars with glass and carbon fibers bound with vinylester polymer that is
capable of protecting the fibers from moisture and alkaline attack were considered. Although the
literature recognizes that carbon/vinylester bars are typically more resistant to alkaline solutions
at high temperatures, boron-free E-glass fibers were selected over carbon fibers due to their
relative cost.
Disadvantages of GFRP bars when compared with traditional steel reinforcing bars are that GFRP
bars are more expensive than traditional steel reinforcement, have a modulus of about one fifth
that of steel, and exhibit non-ductile failure modes. The lower modulus means that slabs and
structures built with GFRP bars will have higher deflections. For deflection limit-based design,
the number of bars in a given structure typically has to be increased to maintain the same
deflections as those with steel reinforcement. Another disadvantage of GFRP bars is their inability
to be altered in the field. GFRP bars cannot be bent after they have been cured, and since they are
shipped in a fully-cured form they cannot be bent onsite. Bends can, however, be produced during
the manufacturing process in virtually any shape that can be obtained with steel rebar, although
larger bend diameters are generally required.

Once an FRP supplier was selected, WJE obtained samples from the supplier and tested them in
uniaxial tension. The tensile strength and elongation properties of the bars were confirmed.
4

STRUCTURAL DESIGN AND DETAILING OF GFRP SLAB

4.1

Structural Design

The new slab was designed as a traditional one-way cast-in-place concrete slab in accordance
with the requirements of ACI 318-14 (2014). The slab was designed to be 200-mm thick and
reinforced with a top and bottom mat of orthogonally-oriented GFRP bars 14 mm in diameter,
nominally spaced at 200-mm on-center each way. Shear studs spaced at 1000 mm on-center were
incorporated into the design to develop partial-composite action with the steel beams (matching
the original design of the slab).
The slab design was facilitated by construction of a finite element model of the slab using the
software SAP 2000. The model consisted of one-dimensional elements representing the steel
framing and machine support framing and two-dimensional shell elements to model the new
concrete slab. Elastic stress analysis was performed to predict deflections and calculated design
moments and shears.
The GFRP reinforcing bars were designed in accordance with ACI 440.1R-06 (2006). Unlike
steel reinforcing bars, GFRP bars exhibit nonductile fracture failures and are sensitivity to low
levels of sustained load and cyclic loading. To facilitate the design, WJE developed a strain
compatibility model of the concrete slab section using traditional stress-strain properties of
concrete and stress-strain properties of the GFRP bars supplied by the manufacturer (and
confirmed by WJE testing). The model was used to predict sectional response at various levels of
load and the ultimate flexural strength of the section, based on the limit states of concrete crushing
and GFRP bar fracture. A resistance factor of 0.55 to 0.65 was used depending on the governing
limit state to calculate the design flexural strength consistent with ACI 440.1-06, much lower than
the value of 0.9 for traditional rebar because of the non-ductile failure of GFRP bars or concrete
crushing. The shear strength was calculated as a function of the depth of the compression zone at
the design load level based on the sectional response model. In addition, predicted stresses under
sustained loads were compared to the creep rupture limit of the FRP bars, which is 20 percent of
the ultimate strength.
Under compressive loads, GFRP bars can achieve approximately half their tensile strength, while
maintaining their modulus of elasticity. As such, the contribution of bars in compression to the
flexural strength of the slab was neglected. Moreover, compressive strains in the slab were limited
to prevent premature failure of bars in compression.
The design of the slab was controlled by limiting crack widths. The low modulus of elasticity of
GFRP bars may lead to wider crack widths than with traditional steel. The acceptable crack width
tolerances can be relaxed with GFRP bars due to their noncorrosive nature. However, the wider
crack widths can lead to loss of aggregate interlock and a reduction in shear capacity, as noted
above. To limit crack widths, the slab thickness was increased from its original thickness of 180
mm to 200 mm, and a smaller bar spacing was specified than otherwise required.
4.2

Vibration Assessment

WJE used the finite element model and sectional response model of the slab to predict the cyclic
stresses in the FRP bars from operation of the processing equipment. To do this, WJE first
constructed a finite element model of the existing slab, steel framing, and machine support

framing. Then, WJE modulated the properties of the model (cracked stiffness of slab, machine
isolator stiffness, machine acceleration forcing function) until the response predicted by the model
matched that measured using the accelerometers during WJE’s field investigation. These
calibration factors were then used in the model of the new slab to estimate stresses in the new
GFRP bars. The slab conservatively was assumed to be cracked (from volume change or other
effects) when calculating the stresses using the sectional response model. The analysis indicated
that the maximum stresses in the GFRP bars due to operation of the equipment were within the
allowable limit, which is 20 percent of the GFRP bar ultimate strength.
4.3

Detailing

The GFRP bar layout was configured to mitigate cracking in the slab. Additional bars were used
to meet the minimum reinforcing requirements for temperature and shrinkage recommended by
ACI 440.1R-6, which is higher than steel rebar because of the relatively lower stiffness of GFRP
bars. Additional bars were added in the negative flexure zones over steel beams where shrinkage
stresses combine with gravity load effects to cause top-surface cracking. Hooked bars were used
at slab edges to provide development of the reinforcing. In addition, vertical bars were used to tie
the curbs to the slab, and bent bars were used to restrain cracking at corners of the curbs. The
concrete curbs around the perimeter of the slab were extended over the edges of the steel beams
to prevent hot leach product from dripping directly on them. The slab was designed to drain away
from the centerline to a series of drains at the slab edges, as the existing steel framing was sloped
in this direction.
WJE provided a GFRP piece schedule in its drawing set that detailed the configuration and
required number of every GFRP bar to be used. This greatly simplified ordering of the GFRP
bars by the contractor.
5

SLAB CONSTRUCTION

WJE provided consulting services throughout the construction of the new slab. The following
provides an overview of the steps in the construction process and lessons learned.
5.1

Demolition

Prior to demolition, the contractor removed all machines from the slab using a crane. At the same
time, a shoring and formwork system was installed on the underside of the slab to support the slab
debris and serve as a work platform during demolition. In addition, the contractor installed
supplemental steel bracing designed by WJE to serve as the lateral system for this floor while the
slab was being constructed. The slab was demolished by a combination of cutting and hand
demolition methods.
5.2

Steel Framing Repairs

The underlying steel framing exhibited varying levels of corrosion-induced deterioration from
long-term exposure to the hot leach product. Subsequent to cleaning of the steel members, WJE
took measurements of the remaining thickness of steel elements and determined where
supplemental repairs were needed. These consisted primarily of supplemental plates welded to
the top flange of the existing beams. Columns strengthening repairs were required where
significant corrosion had occurred at the curb-to-column interface, where ponding of the hot leach
product had led to advanced corrosion. Repairs to deteriorated steel braces were also required at
the top-of-curb location. The new slab elevation was adjusted to be above the existing top-of-slab
elevation to avoid repeat exposure to deteriorated locations on the columns and braces.

Subsequent to strengthening repairs, a three-coat marine-grade coating system was applied to the
steel elements to be in contact with the slab. WJE monitored steel preparation and coating
application.
5.3

GFRP Placement

Prior to GFRP bar placement, WJE conducted a mock-up with the contractor to develop the means
and methods of GFRP bar placement. The bottom layer of GFRP bars was placed first and
supported on plastic chairs provided by the GFRP supplier. The top of layer of GFRP bars was
placed second (Figure 3). The contractor had difficulty supporting this layer on plastic products
supplied by the GFRP manufacturer or using tied-up GFRP bar arrangements. Due to their
flexibility, the GFRP bars required more numerous supports than steel rebar. As a result of
schedule limitations, the contractor resorted to using bent steel rebar to support the top layer. After
placing the top layer, the contractor placed the GFRP bars for the curbs. Plastic zip ties were used
to fasten the bars.
5.4

Strain Gauge Installation

WJE utilized a series of 8 vibrating wire strain gauges to monitor the strains in the GFRP bars.
Figure 4 shows a close-up of a vibrating wire gauge. As their name implies, the gauges function
by imparting an electrical current to a thin wire suspended inside the gauge housing that causes
the wire to vibrate. The frequency of vibration varies with strain in the wire, which is mechanically
fastened to the GFRP bars, allowing for an indirect reading of bar strain. The gauges also include
a thermocouple for measurement of temperature.

Figure 3. Placement of GFRP bars.

Figure 4. Vibrating wire gauges used to measure strain in
GFRP bars.

The gauges were connected to the GFRP bars by embedding the gauge connection points into
epoxy-filled holes drilled into the bars. A protective metallic cover was installed over top of the
gauges to protect them from impact damage, and each gauge was wrapped with a mastic material

to waterproof it. The gauges were installed in both layers of GFRP bars and in bars running in
both directions, including in the field of the slab and over top of beams, in order to monitor the
range of typical slab response in one bay of the slab. The gauge wires were fastened and run along
bars to a common junction box. A dynamic vibrating wire gauge analyzer was used to measure
the strain in the bars at a rate of 100 Hz, allowing for monitoring the response of the slab to the
machine vibration (which was at 10 Hz). The analyzer was connected to a data logger for storage
and retrieval of data.
Strains in the bars were monitored statically throughout the construction process and during
startup of the processing equipment. Strains in the bars were then measured dynamically for a
short period of time during equipment operation.
5.5

Concrete Placement

The slab concrete was placed in one continuous overnight pour without construction joints.
Ready-mix concrete was delivered from the chosen concrete supplier and transported to the
elevated slab using a concrete pump. A deposition chute and hand tools were used to place the
concrete, which was mechanical vibrated for consolidation. Depth gauges were used to establish
the top surface of the concrete above the forms. Finishing operations commenced the next
morning after the concrete had gained sufficient strength. WJE reviewed concrete quality control
tests (temperature, air content) during placement and concrete cube strength test results after
placement.
The curbs were poured several days after the slab was cast. The slab concrete surface was
mechanically roughened with chipping hammers prior to receiving the curb concrete. Stainless
steel embedment plates were cast into the curb concrete to support the machines. WJE identified
voiding under several of these plates as a result of improper concrete placement. Epoxy was
injected beneath the plates to fill the voids.
5.6

Resinous Protective System Installation

In preparation for the resinous protective system installation, keyways were cut into the concrete
at the edges of rectangular portions of the topping system to anchor it to the substrate (since the
system develops significant curling pressures as a result of curing). The entire surface of the
concrete was also mechanically scarified. Bond tests were conducted to verify the surface bond
strength of the concrete slab prior to system application. The resinous system was trowel applied.
Figure 5 shows application of the resinous protective system in progress.
6

SLAB PERFORMANCE

The concrete slab and resinous protective system were successfully installed during the APC
operational shut down period. Figure 6 shows an overall view of the completed slab installation.
Static monitoring of concrete temperature and strains indicated nominal curing of the concrete
and some limited shrinkage from drying. WJE observed very limited cracking prior to installation
of the protective resinous system. Dynamic monitoring of the GFRP bar strains during operation
of the processing equipment indicated that the stress range in the bars was well within the limit
for the material.
7

CONCLUSIONS

This project is an example of use of GFRP reinforcing bars in a new application (elevated
production slab). Analytical methods were developed to design the slab for the unique strength,

serviceability, and vibration limit states imposed by the GFRP bars. Performance of the slab was
verified and monitored by state-of-the art dynamic sensors. Although use of GFRP bars presents
construction difficulties, adequate advanced planning and provision of additional GFRP shapes
can be used to overcome these challenges.

Figure 5. Application of resinous protective system in progress.

Figure 6. Machines re-installed on completed slab.
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