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2ABSTRACT

3The large particle size of railroad ballast and the wide range of loading conditions

4make it difficult to appropriately represent ballast behavior in laboratory shear

5testing. This paper presents an overview of the advantages and disadvantages of

6large-scale triaxial compression testing of ballast, how it can be used to represent

7field ballast conditions, and typical results. Minimum size restrictions and diameter

8along with appropriate confining stress, loading frequencies, and deviator stresses

9are discussed with examples of the range of loading conditions experienced in the

10field from field monitoring and numerical modeling. In triaxial compression testing,

11a specimen diameter of six times the maximum particle size is required. In

12addition, standard confining stresses can range from 0 kPa to 72 kPa, and the

13deviator stresses can range from 50 kPa to 360 kPa.

Keywords

14ballast, triaxial tests, confining stress, normal stress

15Introduction
16Railroad ballast is a uniformly graded aggregate that provides support to track su-
17perstructure (i.e., crossties and rails). As a result, it is the uppermost support and
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18damping system for the static and dynamic loads applied to the track by passing
19traffic. Understanding the gradation, compressibility, shear strength, and stiffness
20of ballast is important for assessing track support and load distribution among adja-
21cent ties during train loading because the ballast layer undergoes the greatest tran-
22sient and permanent vertical displacements in the subsurface profile [1].
23The stiffness, or modulus, of ballast is a difficult parameter to measure with lab-
24oratory testing because of a number of issues including: (1) ballast shear behavior is
25stress dependent, so field stress conditions must be replicated; (2) ballast gradation
26varies locally (e.g., crib versus under tie); and (3) ballast is sheared in a state of ro-
27tating and varying principal stresses during train passage [2]. The first issue
28involves determining and applying a representative stress state (e.g., field normal,
29confining, and deviator stresses) in shear testing. The second issue is representing
30field ballast gradation in the laboratory because gradation varies with location and
31time due to ballast fouling and breakdown from repeated applied loads [3]. This
32results in significant local variations of ballast gradation (e.g., under and alongside
33ties). The last difficult issue in laboratory ballast testing is accounting for the rota-
34tion and variation in principal stresses applied during train passage. Because of the
35dynamic and nonuniform application of stress applied by the tie to the ballast and
36the variable ballast confinement conditions, the loading conditions in laboratory
37shear tests usually do not simulate field loading conditions, which can affect mea-
38sured shear strength, compressibility, and modulus parameters [2,4].
39To address these issues, the main objective of this study is to provide recom-
40mendations for representative stress conditions for shear testing and testing device
41sizes that should be used to obtain meaningful results and minimize boundary test-
42ing conditions on measured ballast properties. This paper covers the following
43main topics: representative stress conditions (i.e., normal, confining, and deviator
44stresses), moisture conditions for shear testing, and appropriate triaxial compres-
45sion specimen size.

46Simulating Field Conditions
47Two important field conditions that should be simulated in laboratory ballast shear
48testing are (1) in situ normal or confining stress present prior to deviator stress ap-
49plication (i.e., train loading) and (2) specimen moisture condition or wetting prior
50to shearing. Both of these conditions will impact the measured shear strength, com-
51pressibility, and modulus of ballast but especially moisture content for fouled bal-
52last, as shown by Stark et al. [5].

53FIELD STRESS CONDITIONS

54The three typical stress conditions used for laboratory shear testing are: (1) normal
55stress for direct shear tests, (2) confining pressure for triaxial compression tests,
56and (3) applied deviator stress. The normal and confining stresses applied to labora-
57tory specimens should represent the initial stress condition in the ballast prior to
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58train loading while the deviator stress (e.g., horizontal shear load in the direct shear
59test or axial load in a triaxial compression test) should be representative of train
60passage. It is important to represent the physical stress conditions of the ballast be-
61cause the strength envelope for coarse aggregates is stress dependent and can exhib-
62it a cohesion intercept when testing at unrealistically high normal and confining
63stresses or when boundary conditions impact the test result. The range of normal,
64confining, and deviator stresses estimated and calculated using a dynamic finite ele-
65ment stress analysis are summarized in Table 1 and are discussed below.
66The normal stress used in laboratory testing should represent the in situ vertical
67stress of the ballast underneath the tie prior to train loading. This means the normal
68stress represents the weight of the rail, tie, and ballast acting on the tie-ballast inter-
69face. This can be estimated using the weight of these materials or using numerical
70modeling techniques (or by both). The weight of these materials can be estimated
71using a 0.2 m by 0.2 m by 2.6 m (0.75 ft by 0.75 ft by 8.5 ft) concrete tie with a den-
72sity/unit weight of 2400 kg/m3 (150 lb/ft3), which provides a tie weight of 325 kg
73(720 lb). The assumed 136-RE rail has a weight per length of 67.5 kg/m (136 lb/yd)
74with a distributed length (i.e., tie spacing) of 0.6 m (0.67 yds), which gives a rail
75weight of 41 kg (90 lb) and a total weight of 365 kg (805 lb) for a tie. It is typically
76assumed by the American Railway Engineering and Maintenance-of-Way Associa-
77tion [6] that the tie load is distributed to the ballast through only two-thirds of the
78bottom tie cross section (e.g., 2/3 times 0.2 m times 2.6 m equals 0.35 m2) produc-
79ing a normal stress of 10.3 kPa (215 psf) by 365 kg times 9.81 m/s2 times 0.35 m2.
80Due to uneven load distribution and varying tie support [7,8], a normal stress range
81of 0 kPa to 12 kPa (0–250 psf) at the tie-ballast interface is recommended for direct
82shear testing.
83To verify this range of normal stress, a three-dimensional (3D) dynamic finite
84element stress analysis was conducted to estimate the normal and confining stresses
85that should be used in laboratory shear strength tests to represent field conditions.
86The software package LS-DYNA was used and is a 3D finite element method pro-
87gram distributed by Livermore Software Technology Corporation (LSTC) that spe-
88cializes in nonlinear transient dynamic finite element analyses. As a result,
89LS-DYNA is capable of modeling the entire track behavior along with the inclusion
90of train cars and wheel systems.
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TABLE 1 Recommended range of normal, confining, and deviator stresses for ballast shear strength

testing based on dynamic finite element stress analysis for high-speed passenger and

freight.

Stress Condition SI (kPa) Imperial (psf)

Normal stress 0 to 24 0 to 500

Confining stress 0 to 72 0 to 1,500

Freight deviator stress 50 to 360 1,000 to 7,500
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91Using LS-DYNA, a 3D track model consisting of the rail, concrete ties, ballast,
92and subgrade was developed (see Fig. 1) to analyze load and stress distributions
93throughout the track during train passage; it can also be used to estimate reasonable
94values of in situ ballast stresses (e.g., normal stresses below the tie prior to train
95loading). A close-up of a single cross-tie and underlying ballast in the LS-DYNA
96model is shown in Fig. 2. Building up the track system in the LS-DYNA model from
97the subgrade to the track system allows the in situ stress state to be estimated prior
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FIG. 1 Three-dimensional finite element mesh of track system and wheel set used in

LS-DYNA model.

FIG. 2 Close-up of finite element mesh showing concrete tie in intimate contact with

underlying ballast.

Ballast

Tie

Rail
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98to train passage. The range of normal or vertical stress acting upon the ballast by
99the tie prior to train loading varies from 6 kPa to 12 kPa (125 psf to 250 psf)
100depending on the location under the tie in the finite element method model. This
101range of normal stress for direct shear testing is in agreement with the estimated
102range of 0 kPa to 12 kPa (0 psf to 250 psf) in Table 1 for the overlying rail and tie
103acting on the ballast. If a tie-ballast gap is present, as suggested by Stark and Wilk
104[1,7] and Wilk, Stark, and Sussmann [8], the normal stress at the tie/ballast inter-
105face is at or near zero.
106The confining stress used in laboratory triaxial compression testing should rep-
107resent the in situ confining or lateral stress acting on the ballast underneath the tie
108prior to train passage. This value is difficult to obtain and field verify, but Selig [9]
109suggests that large locked-in lateral ballast stresses exist and an earth pressure coef-
110ficient (K) as high as the Rankine passive earth pressure coefficient (Kp) is possible.
111The earth pressure coefficient (K) relates vertical and lateral stresses, and the Ran-
112kine passive earth pressure coefficient (Kp) represents the upper limit for lateral
113stresses before shear failure occurs. Assuming a K-value equal to six for an effective
114stress friction angle of ballast of 45�, this provides an upper bound of 144 kPa
115(3,000 psf) for the ballast confining pressure at the tie-ballast interface. Based on
116the 3D LS-DYNA model, a reasonable range of confining stress for typical track is
1170 kPa to 72 kPa (0 psf to 1,500 psf). This range is in agreement with Indraratna
118et al. [10] who suggest using confining pressures between 10 kPa and 70 kPa
119(210 psf and 1,460 psf) during triaxial compression testing based on internal con-
120fining pressure measurements of Australian tracks ranging from 15 kPa to 60 kPa
121(315 psf to 1,250 psf).
122The deviator stress used in laboratory triaxial compression testing should rep-
123resent the loading acting on the ballast underneath the tie during train passage. In
124the United States, wheel loads vary from 22 kN to 180 kN (5 kips to 40 kips) [11],
125and assuming 40 % of the wheel load is transferred to the tie [6], a reasonable
126range of deviator stress due to train passage is 50 kPa to 360 kPa (1,000 psf to
1277,500 psf).

128FIELD MOISTURE CONDITIONS

129This section reviews the importance of fouling moisture content on measured bal-
130last strength and stiffness. The fouling of ballast is a track performance issue for
131railroads because wetting of the fouling material from precipitation and snow melt
132can result in significant changes in ballast engineering properties. This includes an
133increase in transient and permanent ballast deformation under train loading
134[12,13] and decreases in shear strength and modulus [14]. The decrease in modulus
135for fouled ballast during wetting is especially important because increased track dis-
136placement during train passage can lead to the development of track structure prob-
137lems (e.g., increased tie-ballast gap and elevated pore-water pressures in fouled
138ballast and subgrade materials), which can decrease bearing capacity and accelerate
139track degradation.
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140The results of three different measurement techniques show the addition of wa-
141ter decreases the modulus of fouled ballast by 40 % to 60 %. For example, Light,
142Ho, and Lambert [14] use laboratory triaxial compression tests to show wet fouled
143modulus values are 40 % to 60 % lower than dry ballast specimens. Seismic surface
144wave testing of fouled track sections at the High Tonnage Loop in Pueblo, CO,
145showed a 55 % decrease in ballast modulus [5] after the track section was soaked by
146the local fire department (see Fig. 3). A soaking time of only about 10 min did not
147result in saturated conditions in the fouling material, and the modulus still de-
148creased by 55 % [5]. Field-measured wheel loads, ballast vertical displacements
149along Amtrak’s Northeast Corridor, and FLAC3D software were used to perform
150an inverse numerical analysis of ballast modulus by Stark and Wilk [7]. This field
151data and analysis also show a decrease in modulus of about 45 % from measure-
152ments obtained in dry conditions during June 2013 to measurements obtained in
153wet conditions in January 2013.
154In particular, Table 2 shows dry fouled ballast exhibits a higher modulus or stiff-
155ness than clean ballast because the fouling material fills the voids of the ballast and
156makes the ballast more like a well-graded material instead of a poorly graded
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TABLE 2 Young’s modulus for clean and fouled ballast under different moisture conditions.

Ballast Fouling and

Moisture Condition

Seismic Surface Wave

Testing Modulus [5]

MPa (ksi)

Inverse Analysis

Modulus [7]

MPa (ksi)

Dry clean ballast 205–275 (30–40) � 205 (� 30)

Dry fouled ballast 345–380 (50–55) � 380 (� 55)

Wet fouled ballast

(brief wetting)

140–170 (20–25) � 70 (� 10)

FIG. 3 Highly fouled ballast at High Tonnage Loop in Pueblo, CO, (a) before and

(b) during wetting.

(a) (b)
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157material. This trend is expected to eventually reverse once enough fouling material
158is present to cause the ballast particles to lose some particle contact. However, if the
159fouling material is even briefly soaked, as shown in Fig. 3, the modulus decreases by
160about 55 %. The inverse analysis of field-measured wheel loads and vertical dis-
161placements along the Northeast Corridor shows an even greater reduction to about
16270 MPa (10 ksi) in Table 2 that is probably due to the more sustained and thorough
163wetting experienced at the elevated Upland Street Bridge near Chester, PA, in Janu-
164ary 2013. A similar reduction in modulus is reported by Light, Ho, and Lambert
165[14] in triaxial compression tests discussed in the next section.

166Triaxial Compression Tests
167This section reviews various ASTM test methods for triaxial compression testing of
168railroad ballast to estimate the specimen size that should be used to minimize
169boundary effects on the measured shear strength and modulus and the importance
170of incorporating principal stress rotation in triaxial compression testing. This is
171intended to facilitate comparison of triaxial compression test results and minimize
172confusion for numerical modeling of railroad track structure. Triaxial compression
173tests can apply repeated loads and yield a stress-strain relationship, which can be
174used to estimate ballast unload and reload moduli for use in numerical analyses.
175These are advantages over direct shear tests, which yield only a shear stress-
176displacement relationship, so Young’s modulus cannot be determined directly from
177the results of direct shear tests. As a result, there is interest in performing triaxial
178compression tests on ballast [14–17], so using the appropriate specimen size, stress
179conditions, and moisture content is important in obtaining field representative
180results for numerical modeling and for comparing results among laboratories.

181ASTM D2166/D2166M, STANDARD TEST METHOD FOR UNCONFINED
182COMPRESSION TESTING OF COHESIVE SOILS, AND ASTM D2850, STANDARD
183TEST METHOD FOR UNCONSOLIDATED-UNDRAINED TRIAXIAL COMPRESSION
184TEST ON COHESIVE SOILS

185ASTM D2166/D2166M [18] and ASTM D2850 [19] are the long-standing test
186methods for measuring the unconsolidated-undrained shear strength of soils.
187ASTM D2166/D2166M pertains to measuring the unconfined compressive strength
188of soils, which is a special case of the unconsolidated-undrained triaxial compres-
189sion test (ASTM D2850) because no confining stress is applied. ASTM D2166/
190D2166M and ASTM D2850 have the same specimen size requirements, so only the
191requirements of ASTM 2166/D2166M are presented here.
192Section 3.1 of ASTM D2166/D2166M requires a minimum cylindrical speci-
193men diameter (D) of 33 mm (1.3 in.), and the largest particle contained within the
194test specimen shall be smaller than one-tenth of the specimen diameter. For speci-
195mens having a diameter of 72 mm (2.8 in.) or larger, the largest particle size shall
196be smaller than one-sixth of the specimen diameter. Because ballast particles are
197large enough to require a specimen diameter greater than 72 mm (2.8 in.), the
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198triaxial specimen diameter for testing ballast must be greater than or equal to six
199times the maximum particle size (Dmax) as shown in Table 3.

200ASTM D4767, STANDARD TEST METHOD FOR CONSOLIDATED-UNDRAINED
201TRIAXIAL COMPRESSION TEST FOR COHESIVE SOILS, AND ASTM D7181,
202STANDARD TEST METHOD FOR CONSOLIDATED DRAINED TRIAXIAL
203COMPRESSION TEST FOR SOILS

204ASTM D4767 [20] and ASTM D7181 [21] are the test methods for consolidated-
205undrained and consolidated-drained triaxial compression tests on soils, respective-
206ly. The main difference between these two triaxial tests (ASTM D4767 and ASTM
207D7181) and ASTM D2166/D2166M and ASTM D2850 triaxial tests described earli-
208er is that the specimen is consolidated prior to application of the deviator stress.
209Consolidating the ballast specimen prior to shearing is appropriate for clean and
210dry fouled ballast to simulate field conditions. For wet fouled ballast, consolidating
211the fouling material may not simulate field conditions because the fouling material
212may not have sufficient time to consolidate in the field prior to deviator stress appli-
213cation, so these materials should be tested under unconsolidated conditions using
214ASTM D2166/D2166M and ASTM D2850. There is some connection between the
215amount and type of fouling material and the degree of consolidation prior to devia-
216tor stress application, but that is not well understood at this time. As a result, a con-
217servative approach is to assume the fouled ballast will be wetted in the field and
218unconsolidated prior to deviator stress application.
219Section 6.1 of ASTM D4767 and ASTM D7181 also require a minimum cylin-
220drical specimen diameter (D) of 33 mm (1.3 in.) and a specimen diameter at least
221one-sixth of the diameter of the largest particle within the test specimen. This is the
222same requirement as ASTM D2166/D2166M and ASTM D2850, as shown in Table 3.
223Based on the grain size distributions presented in Anderson and Fair [15]; Ebra-
224himi, Tinjum, and Edil [16]; Light, Ho, and Lambert [14]; Mishra et al. [17]; and in
225Estaire and Santana [22], Table 4 shows the maximum particle size (Dmax) for the
226ballast material tested and the minimum required triaxial compression specimen di-
227ameter under ASTM D4767 and ASTM D7181. Table 4 shows these ballast triaxial
228testing studies do not follow ASTM test procedures because the specimen diameter
229does not satisfy ASTM D4767 and ASTM D7181, which makes it difficult to com-
230pare the test results.

PROOF COPY [STP20170025]

TABLE 3 ASTM D2166/D2166M, ASTM D2850, ASTM D4767, and ASTM D7181 required triaxial

compression specimen sizes.

ASTM Test Method Specimen Diameter (D)

Specimen Height to Diameter

Ratio (H/D)

ASTM D2166/D2166M and ASTM D2850 > 6*Dmax 2 to 2.5

ASTM D4767 and ASTM D7181 > 6*Dmax 2 to 2.5
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231Summary and Recommendations
232In an effort to standardize railroad ballast testing, this paper summarizes the appro-
233priate stress conditions, test equipment, and field moisture conditions that should
234be used for laboratory shear strength testing using various ASTM test methods,
235which are summarized in Table 3 and Table 4. The following summarize the main
236recommendations for ballast sampling and testing presented herein:

• 237It is important to apply representative normal, confining, and deviator stresses
238when performing laboratory shear tests because ballast modulus and shear
239strength are stress dependent. For ballast shear testing, normal stresses of
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TABLE 4 Required triaxial compression specimen sizes for ballast.

Published Research Specification

Minimum Required Triaxial

Compression Specimen

Diameter and H/D Ratio

Triaxial Compression

Specimen Diameter Used

Anderson and Fair [15] Dmax 50 mm (2.0 in.)

D (Device Diameter) 300 mm (11.8 in.) 236 mm (9.3 in.)

H (Device Height) 600 to 700 mm

(23.6 to 27.6 in.)

455 mm (17.9 in.)

H/D Ratio 2 to 2.5 1.9

D/Dmax Ratio 6 4.7

Ebrahimi, Tinjum, and

Edil [16]

Dmax 63 mm (2.5 in.)

D (Device Diameter) 378 mm (14.9 in.) 305 mm (12.0 in.)

H (Device Height) 756 to 945 mm

(29.7 to 37.2 in.)

610 mm (24.0 in.)

H/D Ratio 2 to 2.5 2

D/Dmax Ratio 6 4.8

Mishra et al. [17] Dmax 75 mm (3.0 in.)

D (Device Diameter) 450 mm (17.7 in.) 305 mm (12.0 in.)

H (Device Height) 900 to 1,125 mm

(35.4 to 44.3 in.)

610 mm (24.0 in.)

H/D Ratio 2 to 2.5 2

D/Dmax Ratio 6 4.1

Light, Ho, and Lambert

[14]

Dmax 36 mm (1.4 in.)

D (Device Diameter) 216 mm (8.5 in.) 250 mm (9.8 in.)

H (Device Height) 432 to 540 mm

(17 to 21.3 in.)

510 mm (20.0 in.)

H/D Ratio 2 to 2.5 2.0

D/Dmax Ratio 6 6.9

Estaire and Santana

[22]

Dmax 70 mm (2.75 in.)

D (Device Diameter) 420 mm (16.5 in.) 230 mm (9 in.)

H (Device Height) 840 to 1,050 mm

(33 to 41.3 in.)

460 mm (18 in.)

H/D Ratio 2 to 2.5 2.0

D/Dmax Ratio 6 3.28
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2400 kPa to 24 kPa (0 psf to 500 psf), confining stresses of 0 kPa to 72 kPa (0 psf
241to 1,500 psf), and deviator stresses of 50 kPa to 360 kPa (1,000 psf to
2427,500 psf) appear representative of field loading conditions for freight traffic.
243In direct shear tests, the specimen should be sheared to at least 25 mm (1 in.)
244of horizontal displacement after normal stress application to ensure mobiliza-
245tion of the peak strength. To limit the influence of boundary conditions in
246these shear tests, Table 3 presents the appropriate specimen sizes for triaxial
247compression testing devices.

• 248If fouled ballast is to be shear tested, the fouling material should be soaked or
249hydrated to simulate field conditions and engineering properties. Table 2 shows
250the modulus of fouled ballast can decrease by 50 % to 60 % upon wetting.

• 251To best represent ballast behavior in laboratory settings, appropriate triaxial
252testing devices are required. This means a device diameter of six times the
253maximum ballast particle size and a height to diameter ratio of 2 to 2.5.
254
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