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SECTION 24.1 GENERAL 
 

24.1.1 SCOPE (2023)1 
 

a. The selection of foundation type for a given site should be determined by subsurface conditions, and as well as by 
economic and constructability considerations as there is often a choice of several types of foundations for a 
structure. 

b. Drilled shafts are used to transmit loads through soils of poor bearing capacity into rock or soil formations having 
adequate bearing capacity, or to meet lateral load demand. Generally, single drilled shafts have load capacities 
much larger than piling due to their large cross-sectional area. 

c. This part covers the description and general aspects of design, installation, inspection, and testing of drilled 
shafts, also frequently referred to as caissons, drilled caissons, drilled piers, or bored piles. 

d. This part is intended to serve as a guideline in developing specific design and construction specifications on a 
project basis. 

e. For the purpose of this part, the minimum diameter of these units shall be 30 inches (760 mm). Drilled shafts with 
smaller diameters have been constructed but are not included in this part. 

f. This part relates primarily to single, vertical drilled shafts. 

g. Factors to be used in modifying the capacities of single drilled shafts for determination of the capacity of a group 
of drilled shafts which support a common rigid cap are addressed elsewhere in this part. 

h. The use of battered drilled shafts to accommodate lateral loads by the horizontal component of the shaft’s axial 
resistance is not recommended and is not addressed by this part. Lateral loads applied to drilled shafts are to be 
resisted by the interaction between the shaft and soil/rock. 

 
24.1.2  TERMS (2023) 
 
Bell or Underream — An enlargement at the bottom of the drilled shaft for the purpose of spreading the load over a 
larger area. 
 
Downdrag or Drag Load — -a downward force (i.e., negative skin friction) resulting from downward movement of soil 
relative to the drilled shaft. 
 
Drilled Shaft — An excavated circular holeshaft, concrete filled, with or without steel reinforcing, for the  purpose of 
transferring structural loads to bearing strata below the structure. 
 
Permanent Casing — A steel cylinder that is installed for the purpose of excluding soil and water from the 
excavation and preventing the collapse of material into the excavation. It is a structural member that serves as a 
form to contain concrete placed for the drilled shaft and remains in place. 
 
Protective Casing — A protective steel unit, usually cylindrical in shape, lowered into the excavation to protect    
workers and inspectors from collapse or cave-in of the side wall. 
 
Rock Socket — A shaft of equal or smaller diameter than the drilled shaft above extended into the bedrock material. 
 
Temporary Casing — Steel, metal or other material that possesses adequate strength for its intended purpose and A steel 
cylinder that is installed for the purpose of excluding soil and water from the excavation. It  serves as a temporary form for the 
shaft concrete but is withdrawn as the shaft concrete is placed. 
 
Toe — The vertical section at bottom of the bell. 
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1 See C - Commentary (2022). 

 
 

 

 

Figure 8-24-1. Drilled Shaft 
 
24.1.3  DESIGN LOADS (2023) 

 
a. Loading for drilled shafts shall be the design loads from the supported structure without application of load 

factors used for Load Factor design procedure. Reference Chapter 8, Part 2 or Chapter 15, Part 1 for possible 
design load combinations. Design loads shall include, if applicable,  may include the following: 

1) Primary Loads and Forces: 
– Dead Load 
– Live Load 
– Centrifugal Force 
– Earth Pressure 
– Buoyancy 
– Downdrag (i.e., Negative Side Friction) 

 
2) Secondary Loads and Forces (Occasional): 

– Wind and Other Lateral Forces 
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– Ice and Stream Flow 
– Longitudinal Forces 
– Seismic Forces 
– Vessel Impact 

 
b. When drilled shaft foundations are designed for both primary and secondary forces, the allowable load on the 

drilled shafts may be increased by 25 percent, provided that the capacity of the drilled shaft(s) is not less than that 
required for primary forces alone.  

 
c. In soils where downward movements of surrounding soil relative to the drilled shaft are expected to occur, axial 

loads should shall include downdrag. Under special conditions, swelling soils can produce upward forces with 
fluctuation of the water table, which should shall also be considered in design. 

 
 

 

SECTION 24.2 INFORMATION REQUIRED 
 

24.2.1 FIELD SURVEY (2010) R(2023)  
 

Sufficient information should be furnished in the form of profile and cross sections to determine general design and 
structural requirements. The location of overhead and underground utilities, existing foundations, roads, tracks, or other 
structures should be indicated. Records pertaining to high and low water levels and depth of scour should be provided as 
appropriate for water crossings. 

 
24.2.2 SUBSURFACE INVESTIGATION (2023) 

 
a. Foundation material shall be investigated as specified under Part 22, Geotechnical Subsurface Investigation, to 

determine soil or rock properties, ground water elevations, and any other pertinent conditions. 

b. Where a large portion of the required shaft capacity is to be generated from tip resistance of the shaft or rock 
socket, the geotechnical investigation shall be of sufficient scope to permit the determination that the strata in 
which the tip is founded is of sufficient depth and strength to carry the loads to which it is subjected. 

 
 

SECTION 24.3 DESIGN 
 
24.3.1 GENERAL (2023) 

 
a. The design is divided into two basic parts: 

 
(1) The capacity of the drilled shaft as a structural member (i.e., structural capacity). 
 

(2) The ability of the shaft to transfer the load to the ground for support of the load (i.e., geotechnical resistance). 
 

b. The allowable geotechnical resistance (Rall) must be greater than the applied load at the top of shaft (Qt). 
 

Q R
R
FS

 

 
Where:  Rult = Ultimate Geotechnical Resistance 

FS = Factor of Safety 
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24.3.2 STRUCTURAL CAPACITY (2023) 
 
24.3.2.1 Drilled Shaft 

  
a. The drilled shaft is generally designed as a short column for axial loads due to the lateral support provided by the 

soil/rock. Where there is a lack of sufficient lateral support (i.e., very soft soil or water), slenderness effects of the 
column must be taken into consideration. 

b. When the drilled shaft is subjected to moment and lateral forces at the connection to the supported structure, the 
shaft must be designed for bending and shear in addition to axial force. Moment and shear along the length of the 
shaft must be calculated, and adequate reinforcement provided. 

c. The shaft shall satisfy the design requirements of Part 2, Reinforced Concrete Design of this Chapter. 

24.3.2.2 Connection Between Supported Structure and Drilled Shaft  
 

The connection between the drilled shaft and the supported structure (parts above the top of shaft) shall be capable of 
transferring the design loads, including axial, shear, and moment. This can be accomplished by the following means: 

 
a. When the cap beam or supported structure is made of concrete, the reinforcing steel can be extended into the cap   

so load is transferred into the drilled shaft. 

b. When the cap beam or supported structure is made of steel, the connection design shall conform to requirements of 
Chapter 15, Steel Structures. 

24.3.3 AXIAL GEOTECHNICAL CAPACITY (2023)1 
 

24.3.3.1 Types of Geotechnical Capacity 
 

a. End Bearing Capacity (Rt): An end bearing drilled shaft transfers load through weaker soils to a layer of soil or rock 
with adequate bearing capacity. 

b. Side Friction Capacity (Rs): A friction drilled shaft transfers load to the surrounding material primarily through  
friction between the shaft wall and the adjacent material. 

c. Combination Side Friction and End Bearing Capacity (Rs+Rt):  A combination end bearing and friction drilled shaft 
transfers load in a combination of friction and end bearing. The designer must account for the deformation required 
to develop peak resistances in end bearing and side friction. 

 
24.3.3.2  Computation of Geotechnical Capacity 

 
a. End Bearing Capacity: The ultimate shaft tip end bearing capacity (RTRt) can be computed: 

 
R q ∗ A  

 
Where:  Rt = Ultimate End Bearing Capacity 

qt = Ultimate Unit Soil/Rock Bearing Resistance 
  At = Area of Shaft Tip 

 
     
1 See C - Commentary (2022). 
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a. Side Friction Capacity: The ultimate shaft side friction capacity (Rs) can be computed: 
 

R 𝐿 ∗ A ∗ 𝑞  

 
 
Where:  Rs = Ultimate Side Friction Capacity 

qs = Ultimate Unit Soil/Rock Side Resistance 
  ASA = Surface Area of the Shaft 
  L = Total Shaft Embedded Length 
  Ln= Segment Embedment Length 
  n = Number of segmentsSegments 

 
a. Total Axial Capacity: The ultimate axial capacity of a drilled shaft (Rult) is the summation of the ultimate 

shaft tip end bearing capacity and ultimate side friction capacity. The allowable shaft capacity is the 
ultimate capacity divided by a factor of safety. 

 
𝑅 𝑅 𝑅  

 

R
R
FS

 

 
Where:  Rult = Ultimate Axial Capacity 

Rs = Ultimate Side Friction Capacity 
  Rt = Ultimate End Bearing Capacity 
  Rall = Allowable Axial Capacity 
  FS = Factor of Safety 
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Figure 8-24-2. Idealized Geomaterial  Layering for Computation of Geotechnical Resistances  

(after FHWA GEC 010, FHWA-NHI-10-016) 
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24.3.3.3  Rock Sockets 
 
Unless an analysis is used which accounts for the relationship between load and deflection of the various soil or 
rock strata encountered, the ultimate capacity of a drilled shaft which utilizes a rock socket is the sum of the ultimate 
tip and side resistance capacities within the rock socket only, neglecting side resistance of the shaft in the 
overburden soils. The rock socket should be 6 inches should be sized at least 6 inches (150 mm) smaller than the 
nominal casing size to facilitate seating of the casing and insertion of rock drilling equipment. The minimum depth 
of the rock socket shall be at least one rock socket diameter. 
 
24.3.3.4  Belled Shafts 
 
Where the bearing strata has insufficient strength to support the load at the base of the shaft, the shaft bottom may 
be enlarged by belling or underreaming to distribute the load over a greater area. Belled shafts can be used where 
the soil in which the bell is placed will not collapse due to the underreaming. Bells are normally unreinforced. The 
base diameter of the bell shall not exceed three times the shaft diameter and the sides shall not be less than 60 
degrees from the horizontal. The toe height shall not be less than 6 inches (150 mm). 
 
24.3.4 24.3.4  DRILLED SHAFT SPACING (2023)1 
 
Drilled shafts should be spaced no closer than three diameters center-to-center. If shafts are spaced less than six 
diameters center-to-center, the designer shall check interaction with adjacent shafts for vertical and lateral load. 
Depending on type of load, shaft spacing, soil type, and other factors there may be a reduction in resistance for 
some or all of the shafts. 
 
24.3.424.3.5  LATERAL LOADS AND MOMENT (2023) 

 
a. When the drilled shaft is subjected to lateral load and moments, as well as axial load, the distribution of soil pressures 

and the moments, shear  and deflection should shall be accounted for in design of the shaft.   

b. Group effects shall be considered for closely spaced shafts.  

a.c. Horizontal movement criteria shall be consistent with the type and function of the structure. 

24.3.524.3.6 UPLIFT CAPACITY (2023) 
 
The ultimate uplift capacity of a drilled shaft is equal to or less than the weight of the shaft plus 0.7 times the 
ultimate  side friction capacity (Rs) of the shaft. If belled, the uplift capacity of the shaft may be increased by 
taking into consideration the reinforcement details of the shaft and bell together with the strength characteristics 
of the adjacent soil. 
 

24.3.624.3.7 SHAFTS IN STRONG SOIL OVERLYING WEAKER SOIL (2023) 
 

a. If a single shaft or group of shafts is embedded in a dense or firm soil deposit that overlies a loose or soft deposit of 
soil (cohesionless or cohesive), the potential for a punching failure should shall be evaluated when the tip of the 
shaft is located within two times the shaft diameter or group dimension above the loose or soft soil strata. 

b. If the underlying soil is a soft cohesive soil stratum, settlement of the drilled shaft or group should shall be evaluated.  

24.3.724.3.8 FACTORS OF SAFETY (2023) 
 
For drilled shafts in soil or socketed in rock, a minimum design factor of safety (FS) of 2.5 should be used in 
determining the allowable geotechnical capacity. Factors of Safety may be adjusted by the designer based on the 
confidence in the subsurface information and additional design or construction load testing, if performed.  
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24.3.9 GROUP EFFECTS ON AXIAL CAPACITY (2023) 
 

a.  
b.  
c.a. The group capacity may be computed as the lesser of: 

 
(1) the sum of the modified individual capacities of each shaft in the group, or 

 

R η ∗ R  

 

Where:  Rult-g = Group Ultimate Axial Capacity 

 N = number Number of drilled Drilled shaftsShafts 

 η = group Group Eefficiency Ffactor (see section 24.3.8.1 and 24.3.8.2) 

 Rult = Ultimate Axial Capacity of Individual Shaft 

 
(2) the capacity of an equivalent pier circumscribing the group (i.e., block), including resistance over the entire 

perimeter and base areas. 

R 𝑓 ∗ 2 ∗ L ∗ B W B B  q ∗ B W ∗ B B  

 

Where:  Rblock = Block Ultimate Axial Capacity 

 fs = Ultimate Side Friction Resistance 

 qt = Ultimate Tip  End Bearing Resistance 

 L = Length of Shaft 

 BW = Width of Block 

 BL = Length of Block 

 

d.b. Evaluation of drilled shaft group capacity in cohesive and cohesionless soils shall incorporate the appropriate 
efficiency factors (η) that account for the presence and interaction of a cap with the ground surface and the spacing 
between adjacent shafts. 

c. The effects of downdrag in the evaluation of group shaft capacity are not explicitly shown in the above equations 
but should be included where applicable. 

 
24.3.9.1  Cohesive Soils-Group Efficiency Factors 
 

a. When Cap in firm contact with groundcap is not in firm contact with ground and/or the surface soils are soft. 

(1) Efficiency factor (η) = 0.6570 for center-to-center spacing of 32.5D 

(1)(2) Efficiency factor (η) = 1.0 for center-to-center spacing of 6D 

(2)(3) For intermediate spacings, the efficiency factor may be determined by linear interpolation.  

b. Cap is not in firm contact with ground, and surface soils is soft When cap is in firm contact with stiff ground. 

(1) Efficiency factor (η) = 1.0 for all center-to-center spacings 
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a. This part does not include the effects of downdrag in the evaluation of group shaft capacity.  
24.3.9.1  1  Group Efficiency FactorCohesionless Soils-Group Efficiency Factors 
 

a. Cap in firm contact with ground consisting of medium dense or dense soil and no scour below cap 

(1) Cohesive Soils: Efficiency factor (η) = 1.0 

(2)   

(3) Cohesionless Soil 

(1) Single Row or Multiple Rows of Shafts 

(a) Efficiency factor (η) = 1.0 for all center-to-center spacings 

b. Other conditions and cap not in firm contact with ground 

Efficiency factor (η) = 1.0 for all center-to-center spacings 

Efficiency factor (η) = 1.0 for all center-to-center spacings 

Efficiency factor (η) = 1.0 for all center-to-center spacings 

 

(1) Single Row of Shafts 

Efficiency factor (η) = 0.9 for center-to-center spacing of 2D 

(a) Efficiency factor (η) = 1.0 for center-to-center spacings of 3D or more 

 Efficiency factor (η) = 1.0 for all center-to-center spacings 

(1)(2) Multiple Single Rows of Shafts 

Efficiency factor (η) = 0.65 for center-to-center spacings for 2.5D 

(a) Efficiency factor (η) = 0.80 for center-to-center spacings for 3D  

(b) Efficiency factor (η) = 1.0 for center-to-center spacings for 4D or more 

(c) For intermediate spacings, the efficiency factor may be determined by linear interpolation.  

 

24.3.8 EFFICIENCY FACTOR (Η) = 0.65 FOR A CENTER-TO-CENTER SPACING OF 2.5B5D,  

24.3.9 EFFICIENCY FACTOR (Η) = 1.0 FOR A CENTER-TO-CENTER SPACING OF  ≥ 4B4D.  

24.3.10 FOR INTERMEDIATE SPACINGS, THE EFFICIENCY FACTOR MAY BE DETERMINED 
BY LINEAR INTERPOLATION.  

24.3.11  
24.3.12  
24.3.13  
24.3.14  
  
24.3.10 8GROUP EFFECTS ON LATERAL CAPACITY (2023) 
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a. The effects of group interaction shall be taken into account when evaluating closely spaced drilled shafts. 

b. Group effects shall be considered for shaft spacing less than 6 shaft diameters (i.e., 6D) in any direction. 

c. When P-y method of analysis is used, the group effects can be accounted for by using P-multiplier values, Pm. 

d. The values of P-multipliers in Table 8-24-1. 

e. To establish P-multiplier values for other spacings interpolation between values should be used. 

f. Where transverse spacing of shafts is not equal to the longitudinal spacing, the P-multiplier should be based on the 
lessor of either the transverse or longitudinal spacing. 

 
Table 8-24-1 Drilled Shaft P-Multiplier Values for Group Effects 

(after FWHA NHI 18-024, GEC 010)  
 P-Multiplier, Pm 

Drilled Shaft Spacing (c-c) 3D 4D 5D ≥6D 
Lead Row 0.7 0.85 1.0 1.0 
2nd Row 0.5 0.65 0.85 1.0 
3rd Row 0.35 0.5 0.70 1.0 

 

SECTION 24.4 MATERIAL 
 

24.4.1 CONCRETE (2023)1 
 

Concrete should shall conform to the requirements of Part 1 of  this Chapter.  
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24.4.2 REINFORCING STEEL (2023) 
 

Reinforcing steel should shall conform to the requirements of Part 1 of  this Chapter. 
 

24.4.3 PERMANENT STEEL CASING MATERIAL (2023) 
 

If the steel casing is relied upon as a structural element, the steel casing material should shall conform to the 
requirements of ASTM A252/A252M Standard Specification for Welded and Seamless Steel Pipe Piles, 
minimum Grade 2.  

 

24.4.4 TEMPORARY CASING MATERIAL (2023) 
 

Casing that is not intended to be a structural element of the shaft or that is to be removed is considered temporary 
casing. Temporary casing may be steel, metal or other material that possesses adequate strength for its intended 
purpose and is not detrimental to the design function of the shaft.  

 
 

SECTION 24.5 CONSTRUCTION 
 

24.5.1 CONTRACTOR QUALIFICATIONS (2023)1 
 

Drilled shafts shall be installed by a qualified Contractor meeting the requirements of the Engineer. Availability of all 
required special equipment, tools, and experienced personnel are important items to be considered when 
selecting a drilled shaft Contractor. 

 
24.5.2 SHAFT EXCAVATION (2023) 

 
a. When excavating a drilled shaft, side walls should be protected against cave-in, subsidence, 

groundwater intrusion and/or displacement of surrounding earth by means of a temporary or permanent      
steel casing. Drilling fluid can also be used for advancing the shaft excavation, if approved by the 
Engineer. 

b. Specialty tools may be required for removal of boulders or other obstructions.  

c. During excavation, consideration should be given to the proximity of adjacent shaft elements and 
concrete properties to avoid potential instability or communication between shaft excavations. The 
construction procedure used shall be approved by the Engineer before commencing work. 

24.5.3 CASING (2023) 
 

a. Where required by design, permanent steel casing shall be installed to the plan elevation or to the elevation 
designated by the  Engineer in the field. When the top of the drilled shaft is below the surface of the ground, 
installation of additional large diameter casing may be required to extend above the working level to minimize the 
possibility of foreign materials or water entering the top of the shaft.  

b. Casings shall be of adequate size and thickness to safely retain the adjacent earth materials and water from entering 
the shaft excavation and support applicable surcharges, without exceeding allowable steel stresses, distortion, or 
collapse of the casing. 

 
     
1 See C - Commentary (2022). 

Draf
t N

ot 
Yet 

App
rov

ed



Concrete Structures and Foundations 
 

 
© 20223, American Railway Engineering and Maintenance-of-Way Association 

8-24-14 AREMA Manual for Railway Engineeing 

 

c. If conditions are such that casing withdrawal will cause displacement of the reinforcing steel or permit sloughing 
soils to enter the shaft, a double casing should be used. By this method, the shaft is drilled oversized, and a 
temporary casing installed. A light gage permanent inner casing the same size as the required shaft diameter is 
then installed. This inner casing shall be of sufficient strength to serve as a form for the concrete shaft but need not 
be designed for soil pressure. Concrete is then placed within the permanent inner casing. After the concrete has 
set, the annular space between the permanent casing and surrounding soil is filled with grout, lean concrete, sand, 
or by another approved method and the temporary outer casing is withdrawn. 

 
24.5.4 BELL OR UNDERREAM (2023) 

 
Before belling or underreaming, the Engineer shall determine that the formation encountered at the plan elevation is suitable 
for construction of a bell. When shafts are  required to be belled, the bell shall be formed by use of special belling equipment 
to the angle and slope called for on the drawings. The bottom of the bell shall be thoroughly cleaned and inspected before 
the concrete is placed. 

 
24.5.5 SOCKETS (2023) 

 
Where required by design, a socket shall be constructed to the proper size and depth called fordetailed in the plans. Sides 
and bottom of the socket must be cleaned and inspected prior to concrete placement.  

 
24.5.6 TOLERANCES (2023) 

 
a. The center of the top of each shaft shall not vary from its design horizontal location by the following: 

 
Drilled Shaft Diameter (D) 

 
Horizontal Tolerance 

2’-06” (0.76m) ≤ Shaft Diameter ≤ < 5’-0”(1.52m) <4” (102mm) 

Shaft Diameter ≥ 5’-0” (1.52m) <6” (152 mm) 

 
b. Shafts shall not be out of plumb by more than 1.5 percent of the shaft length, nor 12.5 percent of shaft diameter. 

b.c. The allowable lateral tolerances outlined herein shall be accounted for in the structural design. 

 
24.5.7 DEWATERING (2023) 

 
If standing water is encountered in the excavation, a dewatering procedure should shall be approved by the 
Engineer before commencing work or otherwise tremie concrete should be used as outlined in 24.5.10.2. 

 
24.5.8 INSPECTION (2023)1 

Immediately prior to placement of any reinforcement or concrete, each shaft, shaft base, and socket shall be thoroughly 
inspected to ascertain that the shaft has been properly prepared and that the bearing material is compatible with design 
requirements. If actual conditions determined by the subsurface exploration vary from the assumed conditions  , additional 
evaluation should be conducted as directed by the Engineer.  

 
     

1 See C - Commentary (2022). 
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24.5.9   PLACING REINFORCING STEEL (2023) 

 
a. Reinforcing steel cages shall be prefabricated and placed as a unit immediately prior to concrete placement. To 

minimize displacement of reinforcing steel cage when the casing is pulled, the cage may be secured by the 
addition of horizontal bands or other approved methods. When concrete is placed by tremie methods, the need for  
temporary hold-down devices shall be considered to prevent uplift of the cage during concrete placement.  

b.a.  

c.a.      

d.a. 1 See C - Commentary (2022). 

e.b. Rebar cage centralizers and spacers should account for the concrete cover and be documented in drilled shaft 
plan. 

24.5.10   PLACING CONCRETE (2023) 
 

24.5.10.1 Dry Hole  
 

Prevent segregation of concrete through use of appropriate means to direct the free fall of concrete so that it does not strike 
the reinforcement in the shaft. 

 
24.5.10.2 Under Water1 

 
Utilize a tremie or pumped concrete in accordance with Part 1, Materials, Tests and Construction Requirements, 
Article 1.15.10. The water level shall have reached a static condition before concrete placement begins. 

 
24.5.10.3 Consolidation  

 
Rodding or mechanical vibrating is necessary only for the top 5 feet of the shaft. Any special requirements for  concrete 
placement shall be specified or approved by the Engineer. 

 
24.5.11 CASING REMOVAL (2023) 

 
a. In situations where temporary casing is to be removed, the head of concrete inside the casing must be 

adequate to preclude infiltration of water and sloughing of the shaft walls. 
 

b. Elapsed time from beginning of concrete placement in cased portion of shaft until extraction of casing has begun 
shall   not exceed one hour unless approved set retarding admixtures are included in the mix design. 

 
c. Care shall be taken when a casing is removed to prevent subsidence of the surrounding soil. 

 
d. Elevation of top of the steel cage should be checked before and after casing extraction.  

 
24.5.12 CONTINUITY OF WORK (1984) R(2023) 

 
Drilled shaft construction work shall be planned so that all required operations proceed in a continuous manner until the 
shaft  is complete. A precise time schedule agreement between the Contractor and the Engineer should be established. 
Provision shall be made for protecting the shaft and adjacent construction in case of unforeseen interruptions. Such 
provisions shall be approved by the Engineer before drilling begins. 

 
     
1 See C - Commentary (2022). 
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24.5.13 RECORDS (2023) 
 

An accurate record shall be kept of each drilled shaft as installed. The record shall show the shaft top and bottom 
elevations, casing top and bottom elevations, shaft and/or bell diameters, date the shaft is excavated, inspection report of 
the bearing stratum, depth   of water in excavation at time of placing steel and concrete, quantity of concrete placed 
compared with theoretical quantity, and any other pertinent data. Records shall be provided to the Engineer.  
 
 
 
 
 
 
 
 

SECTION 24.6 TESTING 
 

24.6.1 MATERIAL TESTING (2023) 
 

Materials used in construction of drilled shafts should be sampled and tested as designated elsewhere in Part 1 of this 
Chapter.  

 
When permanent steel casing is used in determining the capacity of the shaft, certified mill test reports in accordance 
with the provisions of Chapter 15 shall be provided to document the adequacy of the material properties of the 
casing. 

 
24.6.2 CAPACITY TESTING (2023)1 

 
Drilled shafts may be static load tested per ASTM D1143/D1143M Standard Test Methods for Deep Foundations Under 
Static Axial Compressive Load.  As an alternate, drilled shafts may be load tested using a bi-directional test per ASTM 
D8169, Standard Test Methods for Deep Foundations Under Bi-Directional Static Axial Compressive Load or high-
strain dynamic testing per ASTM 4945 Standard Test Method for High-Strain Dynamic Testing of Deep Foundations, or 
other method as approved by the Engineer. All testing procedures and equipment shall conform to the requirements of 
the applicable ASTM.  

 
24.6.3 INTEGRITY TESTING (2023)1 

 
a. The use of Crosshole Sonic Log (CSL), ASTM D6760, Standard Test Method for Integrity Testing of 

Concrete Deep Foundations by Ultrasonic Crosshole Testing, or Thermal Integrity Profiling (TIP), ASTM 
D7949, Standard Test Methods for Thermal Integrity Profiling of Concrete Deep Foundations,testing or other 
methods approved by the Engineer should be employed to verify the integrity of the shaft(s). 

b. CSL or TIP testing shall be performed by firms specializing in such testing having a minimum of 5 years prior 
documented related experience. Prior to testing, testing personnel, their qualifications, and all elements of the 
testing process shall be submitted to the Engineer for approval. All testing procedures and equipment shall 
conform to the requirements of the applicable ASTM D6760, Standard Test Method for Integrity Testing of 
Concrete Deep Foundations by Ultrasonic Crosshole Testing .  

c. CSL testing shall not commence until a minimum of 24 hours has elapsed after placement of the shaft 
concrete. 

c.d. Where the CSL, TIP or other method indicates a voids, other anomalies or poor concrete are present in the 
shaft, the use of sample cores of approximate 2 inches (51mm) in diameter and extending the entire length of 
the shaft may be employed to verify the adequate consolidation and composition of the concrete. After coring, 
the hole shall be filled with a cement grout compatible with the shaft concrete. 
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C - COMMENTARY 
 

-2023- 
 
C - 24.1.1 SCOPE (2023)  

 
h. Vertical drilled shafts, when adequately reinforced, can accommodate significant lateral loading. Internal 

moments and shears are highly dependent not only on the loading condition, but also on the physical properties of 
the material through which the shaft passes. For additional information see Handbook on Design of Piles and 
Drilled Shafts Under Lateral Load, U.S. DOT Report No. FHWA–IP-84-11; Drilled Shafts: Construction 
Procedures and Design Methods, U.S. DOT Report No. FHWA-IF-99-025; or Drilled Shafts: Construction 
Procedures and LRFD Methods, USDOT Report No. FHWA-NHI-10-016. 

 
C - 24.3.3 AXIAL GEOTECHNICAL CAPACITY (2023) 
 
For drilled shafts, it is important that the Engineer work closely with the geotechnical engineer so both have a 
clear understanding of what portion of the applied load to the drilled shaft is resisted by side friction and by end 
bearing. The interaction of side friction with end bearing is often very complex and the possibility of large and 
potentially unsafe settlement occurring prior to complete mobilization of the anticipated end bearing resistance 
must be considered. 
 

C-24.3.4  DRILLED SHAFT SPACING (2023) 
 
If approved by the Engineer, drilled shaft spacing may be decreased if full-depth casing construction methods are used in soil 
and weak rock to maintain excavation stability, and the casing is advanced in front of the auger/drill tooling, in order to 
prevent interaction between adjacent shafts.  If temporary casing is used, a minimum 10-foot (3.05 m) head of concrete shall 
be maintained above the bottom of the casing during casing removal.  For both rock sockets that are uncased and shafts that 
are designed for end bearing, the bottom of excavations should be visually inspected or quantitatively measured (e.g., with a 
shaft inspection device apparatus) for cleanliness both before and after rebar placement. If closer drilled shaft spacings are to 
be contemplated, a block failure analysis and/or reduction of group efficiency factors shall be implemented for axial capacity 
evaluation.  Additionally, P-multipliers shall also be reduced to account for the reduced spacing.   Reference should be made 
to drilled shaft retaining wall design methods that can evaluate shaft spacing less than 3 diameters on center. 
 
Drilled shaft spacing may be decreased if casing construction methods are required or used to maintain excavation 
stability and prevent interaction between adjacent shafts. 
C - 24.4.1 CONCRETE (2023) 
 
The control of concrete temperatures in drilled shaft is typically not considered in drilled shafts having diameters of 10 feet 
(3.05m) or less. For shafts having diameters greater than 10 feet (3.05m), adjustments to the concrete mixture design, such 
as replacing cement with fly ash/slag cement or other methods as approved by the Engineer, should be used to reduce 
potential concerns with drilled shaft integrity and durability induced from excessive concrete placement temperature. 
Further guidance may be found in Drilled Shafts: Construction Procedures and Design Methods, US DOT Report No. 
FHWA NHI 18-024, Section 7.6.5. 
 
C - 24.5.1 CONTRACTOR QUALIFICATIONS (2023) 
 
For further information on Contractor qualifications, refer to Drilled Shafts: Construction Procedures and Design Methods, 
US DOT Report No. FHWA NHI 18-024, Section 14.3. 
 
C - 24.5.8 INSPECTION (2023) 
 
For further information on the inspection of drilled shafts, refer to Drilled Shafts: Construction Procedures and Design 
Methods, US DOT Report No. FHWA NHI 18-024, Chapter 15 or the following document. 
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Drilled Shaft Inspector’s Manual 
Deep Foundations Institute  
326 Lafayette Avenue 
Hawthorne, NJ  07506 

 
C - 24.5.10.2 UNDER WATER (2023) 
 

When drilled shafts are to be constructed under water, the concrete as it is placed in the casing may carry miscellaneous 
debris  (e.g., rock cuttings, sediment, diluted concrete, etc.) to the top of the shaft. Therefore, the top portion of the shaft in 
this situation may contain poor quality concrete. It is recommended for such conditions that concrete in the casing be 
carried 1 to 2 feet (0.30 to 0.61m) above the final top of shaft elevation to allow for the careful removal of that portion of 
the shaft which may   contain such deleterious material. 
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C - 24.6.2 CAPACITY TESTING (2023) 
 

In lieu of a static load test which may be costly due to the design load of drilled shafts, consideration may be given to the 
use of an Osterberg Cell®, commonly known as the bi-direction down hole test. This test method uses an instrumented 
hydraulic cell placed within and/or near the tip of the shaft. After placement and curing of the shaft concrete, the cell  is 
activated, loading the tip of the shaft, and providing an upward force on the shaft above the cell. The use of the cell can  
provide a measurement of tip base capacity as well as the frictional force developed along the side of the shaft. After 
testing, the hydraulic fluid is replaced with a high strength grout. Use of this test method should be reserved for experienced 
specialty contractors and requires the submission and approval of proposed test details. 
 
C - 24.6.3 INTEGRITY TESTING (2023) 

 
a. Crosshole Sonic Logging 

(1) Historically, coring of drilled shafts was the primary means of ascertaining the quality and consolidation of  the 
shaft concrete. As an alternate to coring for determination of the quality of drilled shaft concrete, the 
measurement of the response of ultrasonic pulse waves as they pass from a signal source to a receiver source 
within the shaft concrete will provide  an indication of the soundness of the shaft. This method of testing is often 
referred to as Crosshole Sonic Logging (CSL). 

(2) This method utilizes a number of steel tubes placed within the shaft to allow for transmission and reception of 
the ultrasonic pulse   waves. After testing, the tubes are fully grouted. 

(3) CSL is limited to the area of the shaft within the arrangement of the CSL tubes  and therefore does not provide 
an assessment of concrete quality outside of the interior of the reinforcing steel cage. Also, the   decision to use 
CSL must be made before concrete placement. Therefore, if anomalies occur during the placement of  the 
shaft concrete, which may lead to questioning of the concrete integrity, coring remains the only viable test for 
such situations. 

(4) Use of CSL should be reserved for specialty firms with satisfactory experience in the use of this method. 
Prior to testing, submittals detailing the materials to be used, the number of tubes, the vertical spacing of the 
tests and  the procedures to be employed should be provided to the Engineer for review and approval. 

 
Where the CSL indicates a void or other anomalies are present in the shaft, the use of sample cores of 
approximate 2 inches (51mm) in diameter and extending the entire length of the shaft may be employed to 
verify the adequate consolidation and composition of the concrete. After coring, the hole shall be filled with 
a cement grout compatible with the shaft concrete. 

b. Thermal Integrity Profiling  

(1) Thermal Integrity Profiling (TIP) is a technology that utilizes the heat generated by curing of concrete to assess 
the integrity and quality of drilled shafts. Drilled shafts are prepared for TIP during their construction by 
embedding thermal sensors within the shaft or using thermal probes lowered into access ducts within the shaft. 
When shafts are equipped with thermal wire cables, temperatures are automatically sampled and recorded using 
a data logger throughout the concrete hydration process starting immediately after casting. When thermal probes 
are used, data is recorded at time intervals during the concrete hydration. The TIP data may be evaluated for 
shaft shape and integrity, concrete cover, concrete quality, and for location of the reinforcing cage. The overall 
average temperature for all thermal sensors over the embedded depths can be directly correlated to the total 
volume of concrete installed, and hence the average radius. Shaft integrity is assessed based on the average 
temperature measurements from each thermal sensor at each depth increment. If the measured average 
temperature versus depth is consistent, the shaft is considered uniform in shape and quality. Bulges can be 
identified as localized increases in average temperature, while insufficient concrete quality or cross section 
reductions can be identified as localized decreases in average temperature. Anomalies present over more than 
ten percent of the effective cross-sectional area are normally seen in multiple thermal sensors at the same depth. 
Because soil and/or slurry pockets produce no heat, areas of soil intrusion or inclusion are indicated by lower 
local temperatures. 
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